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Anotace

Stanoveni potieby zavlahy pro jadrové a peckové ovoce mirného pasma je hlavnim tématem
predkladané metodiky. Podrobné je zde uveden popis principt jednotlivych metod stano-
veni potieby zavlahy, véetné moznosti jejich automatizace, provoznich vyhod 1 limiti pro
pouziti v praxi. Dale jsou zde popsany principy a pravidla pro vyuziti standardni i alter-
nativnich (deficitnich) zavlahovych strategii umoznujicich precizaci managementu zavlah
v ovocnych sadech. Tato metodika je urena pro péstitele, jejich poradce a poradenskeé firmy
zaméiené na zadvlahové systémy ovocnych dievin, kteti budou schopni na zaklad¢ ziskanych
informaci do ur€ité miry samostatné hodnotit potiebu pro dopliikovou zévlahu a automati-
zovat management zavlah v ovocnych vysadbach. Poznatky uvedené v publikaci pochazeji
z vysledkii dosazenych v ramci feseni projektu QK1910165 a z literarni reserSe dostupnych
zdroj.



1 UVOD

Voda piedstavuje jeden z kli¢ovych zdroji pro udrzitelnou rostlinnou produkci. Podobné
jako ve svété, i v Ceské republice jsou v soucasnosti vodni zdroje vyuzivané pro Gdely
zavlahy péstovanych plodin v nékterych regionech malo dostupné a v disledku probiha-
jici klimatické zmény se miize tento stav dale zhorSovat. Péstovat zemédélské plodiny je
mozné v n¢kterych oblastech 1 bez pouziti zavlahy, ale v silné konkurenci evropského trhu
takova produkce nemusi obstat. Obzvlasté v suchych letech, které s nejvétsi pravdépodob-
nosti budou stéle Castejsi. Nerovnomérné rozloZeni srazek v priibéhu roku nutnost vyuziti
zavlah jesté prohlubuje.

MnoZstvi vody vyuzivané pro zavlahu zemédélskych plodin celosvétove predstavuje az dve
tietiny celkové spotieby sladké vody. Jeji efektivni vyuziti se proto stava klicovym pro udr-
zitelnou produkci potravin, ale také kviili zachovani dostate¢ného mnozstvi pitné vody pro
rostouci lidskou populaci. Aby bylo zajisténo efektivni hospodateni se zdvlahovou vodou,
je tfeba znat a mit moznost naplnit pozadavky péstovanych plodin. Ta se odviji od biolo-
gickych potieb péstovanych druhli a bilance vody na pozemku, kterd ptredstavuje rozdil
mezi evapotranspiraci rostlin, tedy jejich ztratou vody vyparem a vodou doplnénou srazka-
mi nebo zavlahou. Tu je nutné doplnovat tak, aby se rostliny nedostaly do stresu suchem, ale
také netrpély jejim nadbytkem.

S pomoci nejnovéjsich technologii 1ze v dnesni dobé relativné spolehlivé stanovit potiebu
zavlahy 1 jeji optimalni davku a provozovat tak efektivné zavlahové systémy. Vyuzitim riz-
nych vztahli a méfeni lze zavlahovou potiebu modelovat a vysledky vyuZit v praxi pro fizeni
zavlazovani zemédélskych plodin. Tim je dosaZena vyssi efektivita vyuziti zavlahové vody
na jednotku sklizné. Efektivni zavlahou Ize pak dosahnout minimalnich negativnich dopadi
na péstované plodiny ale 1 Zivotni prostiedi. Metody, které je mozné vyuZzit v ovocnaistvi
pro stanoveni potfeby zavlahy, jeji optimalni davky, ale i moznosti vyuziti alternativnich
zavlahovych strategii, jsou popsany v predkladané publikaci.

2 CILE METODIKY

Cilem uvedené metodiky je obeznamit péstitele ovoce s riiznymi metodami stanoveni po-
treby zavlahy v ovocnych sadech vcetné podrobného popisu jejich principii, postupli pii
stanovovani termind a davek vody vcetné zhodnoceni vyhod a rizik jednotlivych metod.
Metodika je zamétfena také na popis technologického vybaveni a moznosti automatizace
zavlah ovocnych dievin, jejich kalibrace a udrzby. Publikace ma dale sezndmit uzivatele
s principy a postupy zaméfenymi na zvyseni efektivity vyuziti zdvlahové vody pomoci alter-
nativnich strategii deficitni zavlahy. Cilem metodiky je zaroven ptispét k zachovani vynost
kvalitniho ovoce za sou€asného hospodarného vyuziti dostupnych zdrojit vody. Informace
shrnuté v této metodice vychazi ze soucasnych zahrani¢nich i domacich vysledki vyzkumu,
ale 1 dlouholetych zkuSenosti z praxe.



3 VLASTNIi POPIS METODIKY

V metodice je uveden popis rtiznych metod stanoveni potieby zavlahy, stanoveni samot-
né zavlahové davky i modernich zavlahovych strategii. Metody stanoveni potfeby zavlahy
zahrnuji jejich principy, nutné piistrojové a technické vybaveni, provoz vcetné popisu
a moznosti automatizace provozu zavlah v sadech ovocnych dievin. V publikaci je dale
uveden postup pii stanovovani vhodné davky zavlahy pro konkrétni druhy ovocnych drevin
a moznosti vyuziti alternativnich zavlahovych strategii.

3.1 Stanoveni potieby zavlahy

Zavlaha ptedstavuje ucinny ndstroj pro zajisténi dostate¢ného ptisunu vody ovocnym die-
vinam. Pro jeji optimdlni provoz je nezbytné ptredevsim stanovit podminky, za kterych
je potieba provést zavlahu. V dnesni dob¢ existuje fada ptimych i nepfimych metod pro
stanoveni potiteby zavlahy zaloZenych na méfeni podminek prostiedi (piida a atmosféra)
a fyziologickych potieb samotnych péstovanych plodin.

3.1.1 Metoda Fizeni zavlahy pomoci pidni vlhkosti

Piida obecné predstavuje prostiedi pro ukotveni ovocnych dievin a vzhledem ke svym
sorpcnim vlastnostem figuruje jako klicovy zdroj mineralnich Zivin a vody. Pida je schopna
vodu poutat pomoci svych fyzikalnich a chemickych vlastnosti. Tyto vlastnosti ovliviiuji
celkovou kapacitu plidy pro zadrZzovani vody 1 jeji ndslednou dostupnost pro zivé organiz-
my, resp. péstované ovocné kultury.

Rizeni kapkové zavlahy na zakladé piimo méfené ptidni vihkosti patii p¥i spravném dodrze-
ni podminek mezi pomérné spolehlivé metody, umoZziujici davkovat vodu rostlinam podle
jejich potieb a rovnéz i v zavislosti na tom, kolik ji jsou schopny svymi kofeny pfijmout
a transpirovat zpét do atmosféry.

Mezi vyhody pouziti snimact pidni vlhkosti pro fizeni zavlah patii moznost kontinudlni-
ho méfeni, pribézné monitorovani ¢innosti zavlahového systému, identifikace prevlazeni
anebo nedostatecné vlhkosti plidniho prostfedi, mozZnost nastaveni parametrii pro fizeni za-
vlahy, efektivni a relativné pfesné zavlazovani, a také urcité prizptisobeni zavlahové davky
povétrnostnim podminkdm. I navzdory finanéni naro¢nosti lze tuto metodu vnimat jako
relativné cenové dostupnou.

Mezi nevyhody lze zafadit narocnost instalace systému cidel, interpretaci naméfenych
vysledkl a fakt, Ze se jedna o bodové méfeni, které nemusi nutné poskytovat informaci
o vlhkosti ve vSech ¢astech prokotenéné pidy.

3.1.1.1 Principy metody

Vzhledem k uvedenym vlastnostem piedstavuje vlhkost ptidy méfitelnou veli¢inu a v praxi
rozliSujeme dvé€ zékladni charakteristiky méftitelné piistrojovou technikou: saci tlak a vlh-
kost pidy.



Saci tlak (nebo také vodni potencial pudy) — vyjadiuje silu, jakou je voda poutana v ptidé
a kterou musi rostliny pfekonavat pfi jejim ziskavani. Se snizujicim se mnoZzstvi vody
v pudé€ je voda poutana vice a tudiz saci tlak vzrista az dosahne hodnot, kterou rostliny
nejsou schopny prekonat a dochazi k jejich vadnuti.

Rozmér saciho tlaku se udava v pascalech (Pa) a jejich nasobcich. V dostupné literatufe se
vSak mlzeme setkavat i s jednotkami mimo soustavu SI, a to centibar (cb) nebo hodnota
pF. V ramci piepoctu jednotek plati, ze 1 kPa = pfiblizn€ 1 cb. Hodnota pF ptedstavuje
dekadicky logaritmus tzv. saci vysky vodniho sloupce (hst) vyjadieného v metrech nebo
centimetrech, pro niz plati:

pF =1logl0 hst (cm)

Logaritmicke vyjadfovani sacich tlakovych vySek se pouziva pro jejich znacné fadové roz-
dily mezi maximalnimi a minimalnimi hodnotami.

Pudni vlhkost — udava mnozstvi vody v pud¢ a lze ji vyjadrit dvéma zpiisoby — objemovou
vlhkosti anebo hmotnostni vlhkosti ptidy.

Objemova vlhkost (0) pfedstavuje pomér objemu vody k celkovému objemu plidy. Vyjadieni
pudni vlhkosti v objemovych procentech je z hlediska zévlahatrské praxe vhodnéjsi, nebot
udava, jakou ¢ast dan¢ho objemu ptdy zabira jeji vodni slozka.

Hmotnostni vlhkost (w) je ddna pomérem hmotnosti vody k hmotnosti pevné faze pidy. Pfi
vyjadieni v hmotnostnich procentech je udano, jakym pomerem hmotnosti se podili voda
na celkové hmotnosti piidniho vzorku. V provoznich podminkach je mozné w z odebranych
vzorkl jednoduse a rychle stanovit i bez specialniho vybaveni. Pfi pfepoctu na objemovou
vlhkost ptidy je dulezité znat objemovou hmotnost pudy (pd) v hodnoceném sadu po vysu-
Seni. Pfepocet je pak nasledujici:

0 (cm-3.cm-3) =w (g.g1) x pd (g.cm-3)
Vysledek 1ze nasledné vyjadiit v objemovych % vyndsobenim 100.

Vztah mezi sacim tlakem a pidni vlhkosti vyjadiuji reten¢ni ¢ary vlhkosti (pF kiivky),
u nichz je na svislé ose vynesen saci tlak a na vodorovné pidni vlhkost. Pro kazdou pidu
ma tato kiivka specificky charakter.

3.1.1.2 Typy pudnich snimacit a technické vybaveni

Snimace saciho tlaku

Tenzometry

Tenzometr je zafizeni, kterym lze méfit saci tlak pidy (Obrazek 1). V minulosti predsta-
vovaly v podstaté¢ jediny zptsob, jak nedestruktivné zjistovat saci tlak v pidé. Zakladem
tenzometru je porézni keramické télisko, v jeho spodni ¢asti pevné spojené s plastovou trub-
kou stejného primeéru patiicné délky, aby bylo mozno tenzometr zasunout do hloubky, v niz
chceme saci tlak méfit. Z tohoto diivodu se vyrabéji tenzometry o rizné délce. V horni
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rozsifené Casti tenzometru, kterd po umisténi v terénu vycniva nad povrch, se nachazi sni-
mac podtlaku, bud’ analogovy pro manualni odecitani, anebo elektronicky, ktery 1ze ptipojit
k monitorovaci anebo fidici jednotce. Svrchni rozSifend ¢ast, opatiend zatkou, slouzi k na-
plnéni tenzometru deaerovanou (odvzdusnénou) destilovanou vodou.

Obrazek 1. Tenzometr od firmy IRROMETER, vlevo s manualnim tlakomérem, vpravo
s elektronickym, umoZnujicim pripojeni k monitorovaci anebo Fidici jednotce

cvwvr

stupnosti ptidni vlahy pro rostliny. AvSak odezva ptistrojii na zménu vlhkosti byva pomalejsi.
Mezi hlavni nevyhody tenzometrt patii také nutnost obcasného dopliiovani vody, kalibrace
a potieba vyjmuti pfistroje z ptidy pted ptichodem mrazi.

Sadrové blocky a WATERMARK

K neptimému méfeni saciho tlaku se pouzivaji snimace zalozené na méteni elektrického
odporu mezi dvéma elektrodami zalitymi v poréznim materidlu vhodnych chemickych
vlastnosti. V minulosti, ale jesté i nékdy v soucasnosti, to byla sadra, a takto vyrabéné sni-
mace jsou znamy pod oznacenim ,,sadrové blocky* (gypsum block, Obrazek 2). Mezi jejich
nedostatky patii zejména znacna zavislost na teploté okolniho prostiedi, kratkd Zivotnost,
nestalost parametrti a v neposledni fadé i maly objem méfené pidy. To je problematické
zejména v piipade kapkové zavlahy, kde jsou znacné rozdily v piidnich vlhkostech i na krat-
kych vzdalenostech, klade velké naroky na jejich spravnou instalaci a zajisténi neménné
pozice vzhledem k dopadu kapek zavlahové vody. Sadrové blocky jsou nachylné na po-
stupné rozpousténi a tim ztratu kontaktu s ptidou. Tento jev je nejvyznamnéjsi v zasolenych
a kyselych ptidach.
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Vylepsenou verzi sadrovych blocku je jiz vice nez 40 let vyrabény, a i v naSich sadech
pouzivany, snima¢ WATERMARK, vyznacujici se delSi zivotnosti a vétsi stalosti parame-
trll, méfici ovSem opét v omezeném objemu pudy. Soustfedné elektrody jsou obklopeny
poréznim kifemennym materialem, zapouzdienym v syntetické hydrofilni membran¢ a per-
forovaném kovovém obalu.

K odecitani udaji z uvedenych snimact je zapotiebi specidlnich indikatorti, prfevadejicich
udaj o odporu mezi kovovymi elektrodami uvniti snimacii na idaj o sacim tlaku. Rovnéz je
mozno tyto snimace piipojit k monitorovacim anebo fidicim jednotkdm a na dalku sledovat
prub¢eh sacich tlakt a poptipad¢ fidit zavlahu.

Mezi prednosti vySe uvedenych snimacl je nutno zatfadit jejich nizkou pofizovaci cenu
a pomérné snadnou instalaci.

_’k

Obrazek 2. Sadrove blocky (vlevo) a snimac WATERMARK (vpravo)

Snimace objemové piidni vlhkosti

Podobné¢ jako v jinych oborech, i méteni ptidni vlhkosti proslo celou fadou etap od ru¢niho
gravimetrického méteni, které se jako zékladni srovnavaci méteni pouZziva 1 dnes, pies ne-
utronové sondy az po kapacitni snimace a snimace zalozené na Sifeni elektromagnetickych
vIn v pidnim prostredi, slozeném z pevné, kapalné a plynné ¢asti. Pro praktické pouziti do-
sahly nejvétsiho rozsireni posledni dvé metody. Na obréazcich 3 a 4 jsou znazornény snimace
Netasense a Virrib métici objemovou ptdni vlhkost na zdklad¢ §iteni elektromagnetickych
vin v pidé. Skladaji se ze dvou elektrod a elektroniky zalité epoxidovou pryskyfici a mohou
mit podlouhly nebo kruhovy tvar a riznou velikost.
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Obrazek 3. Snimace objemoveé pudni vihkosti GroPoint a NetaSense (vyrobce AMET,
Velké Bilovice)

VIRRIE'

6! Ml eviare: o

Obrazek 4. Snimac pudni objemové vihkosti VIRRIB (vyrobce AMET, Velke Bilovice)

3.1.1.3 Instalace pudnich snimacit

Pro instalaci snimact do vysadeb ovocnych dievin existuje nékolik zasad, kterymi je tieba
se fidit. Prvni z nich zohlediuje jejich umisténi v ramci sadu, kdy snimace zdsadné¢ neumis-
tujeme do krajnich fad a ve vybrané fad¢ je umistime dale od kraje. Pro zajiSténi spravné
¢innosti snimact vlhkosti a moznosti jejich autonomniho tizeni zavlahy je zapotfebi sni-
mace spravn¢ nainstalovat v misté¢ pod kapkovou zavlahou a provadét pravidelnou udrzbu.
Nespravna instalace ptidnich snimac¢li mize vést k nepresnym vysledkiim méteni a tim 1 ne-
spravnému davkovani zavlahy. VSeobecné se doporucuje instalovat 3 snimace piiblizné
do hloubek 10-30, 40—60 a 70-90 cm, piicemz:

» svrchni snimac¢ slouzi k fizeni zavlahy
» prostiedni snima¢ monitoruje provlazeni profilu do vétsi hloubky

» spodni snima¢ monitoruje prisaky mimo kofenovou zonu
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Instalace tenzometru

Instalace tenzometrti je pomérné jednoduchd a nedochazi pii ni k vét§imu naruseni ptidniho
profilu. Zelezna trubka o priméru o néco vét§im, nez je primér tenzometru se zarazi do pfi-
slusné hloubky, v niZ se ma nalézat spodni konec tenzometru. Nikdy nedéldme otvor hlubsi,
aby pod tenzometrem nevznikl prazdny prostor. Pfed vytaZzenim trubky se na povrch ptdy
kolem ni nalije mensi mnozstvi vody, aby nedoslo k uvolnéni sypkych ¢astic pady do takto
vytvofeného otvoru. Po vytaZzeni trubky se do otvoru prostiednictvim nalevky nalije hustsi
smés vody a mistni zeminy, aby bylo zajisténo dokonalejsi spojeni keramického téliska
ve spodni ¢asti tenzometru s okolni zeminou. Nakonec se az na dno do takto upraveného
otvoru zasune tenzometr. Dllezité je zajisténi dokonalého kontaktu keramického téliska
s okolni zeminou, jinak nebude snimac poskytovat spolehlivé udaje.

Pii instalaci snima¢it WATERMARK a podobnych se postupuje obdobné, pouze misto ten-
zometru se do otvoru zasune valcové télo snimace pfipevnéné na konci plastové trubky
pfiblizné stejného priméru. Na jejim spodnim konci se provede kratsi zafez, jimz se protah-
ne vodi¢ snimace tak, aby pfi jejim zasouvani do otvoru prochéazel po vnéjsi strané plastové
trubky. Po zasunuti trubky i s upevnénym snimacem do dané hloubky na dno otvoru se jejim
vnittkem prostrci dievéna anebo kovova tycka a pfidrzi se ji snimac na dné€ otvoru a trubka
se opatrn¢ vytahne. Do otvoru nad snimacem se opét pomoci ndlevky nalije smés vody a ze-
miny a pomoci tycky se pomalu péchuje, az jej vyplni po povrch okolniho terénu.

Instalace snimaca pidni vlhkosti

Snimace plidni vlhkosti maji vétsi rozméry nez tenzometry a proto kromé toho, Ze jsou
schopny vétSinou monitorovat pidni vlhkost ve vétsim objemu pudy, vyzaduji i trochu od-
liSny zpisob instalace. Bud’ je moZno vykopat nejprve jdmu vhodnych rozmért vedle mista,
kde maji byt snimace umistény, a ty pak postupné zasouvat do neporuSeného plidniho profilu
(Obrazek 5 vpravo dole). Zde je nutno obzvlasté peclive zajistit, aby méfici Casti byly celé
obaleny okolni zeminou a nevznikaly vzduchové kapsy. Tento postup neni vhodny u ske-
letovitych pid. Vykopana jama se musi zahrnout postupné upéchovéavanou zeminou, aby
neslouzila jako drendz a neovliviiovala tak vysledky méfeni.

Druhy zptisob jejich instalace spoc¢iva v tom, ze se snimace umist'uji do pfedem vyhloubené
jamy piislusné hloubky o takovém priméru, aby je do ni bylo mozno bez problémil vlozit.
Vyhloubend zemina se ddvéa na jednu hromadu, aby nasledné pii zasypavani snimacii bylo
mozno zachovat sled jednotlivych horizontll. Jama se nedéla zbytecné velka, aby naruSeni
okolniho ptidniho profilu bylo co nejmensi. Nékteré snimace, napt. VIRRIB, je mozno in-
stalovat bud’ svisle anebo vodorovné. Pfi vodorovné instalaci (Obrazek 5) je métena pidni
vlhkost pouze v tenké, nékolikacentimetroveé, vrstvé v dané hloubce, pfi svislém umisténi je
meéfena pruméerna piidni vlhkost v tloustce odpovidajici vySce snimace. Jeho naklanénim 1ze
libovolné podle potieby ménit tloustku takto monitorované vrstvy od nejtenci, odpovidajici
vodorovnému umisténi, aZ po maximalni pii svislém umisténi. Do vyhloubené jamy se snima-
¢e umist'uji postupné, piihrne se k nim cca 5 cm silna vrstva vykopané zeminy a utuzi se, takto
se postupuje az k povrchu. Je dillezité se vyvarovat vzniku vzduchovych kapes. Pfi spravné
instalaci je veskera vykopana zemina vracena zpét do pivodniho prostoru. V piipadé skeleto-
vitych piid se snimace zasypavaji pouze jemnozemi, kameny a vétsi kusy Stérku se odstranuji.
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Snimace je v pid¢ nutno umistit do prostoru v tésné blizkosti kapkovact. Na obrazku 6
je ukazka doporucovaného umisténi firmou Netafim, vlevo je umisténi kapacitnich snima-
¢t ECH,O0, uprostied snimacii NetaSense a vpravo tenzometra s elektronickym snimanim
podtlaku. Snimace se vSak neumist'uji piimo pod strom tak, jak je vyobrazeno, ale v jeho
bezprostiedni blizkosti, rovnéz s ohledem na pozici kapkovace. Doporucuje se vzdalenost
do 10cm od jeho svislého primétu na povrch. S ohledem na tuto podminku je nutno rov-
n¢z zabezpecit, aby kapky dopadaly opravdu do prostoru monitorovaného snimaci. V praxi
muze dochéazet k tomu, ze voda stéka po kapkovaci hadici a odkapava ve vétsi anebo mensi
vzdalenosti od kapkovace. Tomu je nutno zabranit, u hadic lezicich na zemi umisténim
vhodné zarazky po obou stranach kapkovace, u hadic umisténych ve vysce na draténce se
osvédcilo prohnuti hadice nad snimaci vhodnou rozpérkou (Obrazek 7). JelikoZ se kapkova-
ci hadice vlivem teplotnich zmén smr$t'uje a roztahuje, je nutno tuto rozpérku pevné fixovat
na draténce i na kapkovaci hadici, aby nedoslo k jejimu vypadnuti. Podminkou je také, ze
kapkovac v blizkosti snimacl musi byt funkéni a davat nomindlni pritok. Jeho pritok se
da ovéfit umisténim naddoby pod kapkovag, z niz se po urcité dob¢ Cinnosti zavlahy voda
ptelije do odmérného valce. Ziskané mnozstvi dodané vody lze pak piepocitat na hodinovou
vydatnost kapkovace. Tato hodnota je nékdy uvedena na kapkovacim potrubi.

Obrazek 5. Postupna instalace tii snimacii piidni vihkosti Netasense do vykopané jamy nad sebou
a dvou snimacii do bocni steny vykopu (vpravo dole)
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ECH:20 NetaSense Tensiometer | Depth of irrigation

Capacitance technology TDT Technology ~ Water Tension lower sensor does not react
| (target irrigation)

~ lower sensor i's-'werf'reactin‘gj i

(over irrigation)

|ty

Obrazek 7. Detail zajisténi prohnuti kapkovaci hadice nad umisténim snimacu vlhkosti piidy
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3.1.1.4 Provoz, interpretace méieni a iizeni zavlahy

Po spravném vybéru a instalaci vhodného snimace, popiipadé i1 vice snimaci, lze pfistou-
pit k vyuziti ziskanych udaji pro fizeni zavlahy. Udaje Ize odeéitat bud’ ru¢né, zde je viak
nutnd frekvence odectu alespont dvakrat tydné béhem zavlahové sezény, poptipade 1ze po-
uzit vhodny datalogger s dalkovym pienosem, nejlépe na sbérny datovy server umoziujici
vizualizaci dat pfes webové rozhrani. Dal$i z moznosti je pouziti autonomni zavlahové auto-
matiky méfici v pravidelnych intervalech mnozstvi vody v piidé€ a podle potieby spoustéjici
zavlahu.

Pro spravnou interpretaci je naméfené vysledky vzdy potieba vztdhnout k rozsahu vody
dostupné rostlinam v ptidé. K tomuto tcelu je potfebné stanovit piislusné hydrolimity ptidy,
ten¢ni vodni kapacita. Zatimco reten¢ni vodni kapacita predstavuje doCasné ulozeni vody
v kapilarnich 1 nekapildrnich porech ptdy, polni vodni kapacita predstavuje maximalni
mnozstvi vody, které je puda schopna dlouhodobéji zadrzet. Bod vadnuti predstavuje vlh-
kost plidy, pfi které jiz rostliny nejsou schopny dale pfijimat vodu pies kofeny a dochézi
k jejich trvalému vadnuti. Rozdil mezi bodem vadnuti a polni vodni kapacitou vyjadiuje
mnozstvi vody, které jsou schopny rostliny z ptidy efektivné od¢erpavat svymi koteny, tzv.
vyuzitelnou vodni kapacitu (VVK).

Interpretace vysledki méreni saciho tlaku

Podle doporuceni firmy IRROMETER, vyrobce snimacit WATERMARK a tenzometrt, pii
rozhodovani o provedeni zavlahy je mozno vychazet z téchto idajh sacich tlaki:

» 0-10 kPa — nasycena piida,

» 10-30 kPa — ptda je dostatecné vlhka (s vyjimkou Stérkovitych pud, které jiz zacinaji
vysychat),

» 30-60 kPa — obvykly rozsah pro provadéni zavlahy u vétSiny pld,

» 60-100 kPa — obvykly rozsah pro provadéni zavlahy v tézkych ptadach,

» 100-200 kPa — ptda je pfilis sucha.

Na obrazku 8§ jsou uvedeny retencni ¢ary pro vybrané druhy pid, udavajici zavislost mezi
deficitem VVK a sacim tlakem. VSeobecné se predpoklada, ze rostliny netrpi stresem su-
chem v ptipadg, Ze tento deficit nepiekroci hodnotu 50%. Na obrazku 8 je zluté vyznaceno
stanoveni hodnoty saciho tlaku pro hodnotu 50 % vyuzitelné vodni kapacity, které u hlinité
pudy odpovida saciho tlaku cca 85 kPa. V zavislosti na fenologickém vyvoji se doporucuje
tu plodt, kdy se doporucuje udrzovat deficit vyuzitelné vodni kapacity v hodnotach 30 az
40 %, tedy udrzovat vlhkost plidy na hladin€ 60-70 % vyuzitelné vodni kapacity.
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Obrazek 8. Zavislost mezi deficitem vyuzitelné vodni kapacity a sacim tlakem pro rizné druhy puidy
(podle podkladii firmy IRRIMETER)

Interpretace vysledkii méreni objemové pidni vihkosti

Pti tizeni zavlahy ovocnych stromi na zakladé méfenych udaji ptidni vlhkosti je zapotiebi
nejprve stanovit mnozstvi vody v pudé dostupné pro péstované plodiny. PVK, ale 1 dalsi
pudni hydrolimity, 1ze stanovit laboratorné zrnitostni analyzou neporuSenych vzorka pudy,
nebo pomoci nainstalovaného snimace pidni vlhkosti. V ptipad€ pouziti zrnitostni analy-
Zy je nutno nejprve stanovit procentudlni zastoupeni kategorii (Obrazek 9) jilnatych ¢astic
(< 0,01 mm), obsahu jilu (< 0,001 mm) a pisku (> 0,05) a nasledné stanovit ptidni hydroli-
mity podle publikovanych pedotransferovych funkci (Obrazek 10). Jejich vypocet je popsan
eskou statni normou CSN 75 0434. Vétsina nasich zemédélsky vyuzivanych pad (60 %
z pudniho fondu) patii mezi stfedni pidy (piscito-hlinité a hlinité¢), mensi podil maji lehké
hlinito-piscité pidy (25 % z ptidniho fondu) a tézké pudy. Stfedni ptdy, které maji obsah
L. kategorie (jilnaté ¢astice, < 0,01 mm) v rozmezi od 20 do 45 %, PVK okolo 24-37 obj. %,
vykazuji VVK 15-22 obj. %. Napftiklad do hloubky 1 m to pfedstavuje pii plném nasyceni
vodou (na troven PVK) 150-220 mm, tj. 150-220 litrti vody na mZ.
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Obrazek 9. Trojuhelnik zobrazujici vztah mezi procentem piidnich zrnitostnich frakci u jednotlivych
pudnich druhii. (Adaptovano s USDA-NRCS)
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Obrazek 10. Vztah mezi pudnimi hydrolimity a druhem puidy

Pouziti snimace ke stanoveni polni vodni kapacity umozituje kompenzovat potiebu kalibrace
vétSiny snimaci pro danou konkrétni piidu. Realna absolutni hodnota polni vodni kapaci-
ty je totiz mén¢ dulezitd nez hodnota tohoto limitu identifikovana na snimaci. Dllezita je
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spiSe presnost méteni snimace, zejména jeho schopnost poskytnout stejny tdaj pii stejném
obsahu vody v pudé¢. Prakticky postup pii orientaénim stanoveni polni vodni kapacity ptdy
prostfednictvim pldnich vlhkostnich ¢idel probiha tak, Ze se hodnoti pribéh kiivky namé-
fené pldni vlhkosti. Po vydatnéjSich srazkach s thrnem alespont 20-30 mm anebo zavlaze
dochazi k rychlému naristu vlhkosti piidy, coz je zptisobeno zaplnénim kapilarnich a ne-
kapilarnich port. Pokud je podlozi propustné, z nekapilarnich porti voda postupné odtéka
a priblizn¢ po jednom dni dojde k poklesu vlhkosti piidy na hodnotu odpovidajici polni
vodni kapacité. Na grafu se zména projevi kiivkou znazoriujici zmirnéni prudkého poklesu
pudni vlhkosti zachycené retenci a jeji ustaleni v nocnich hodinach (Obrazek 11). Zmétena
vlhkost plidy v bod¢ ustaleni pak odpovida polni vodni kapacité.
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Obrazek 11. Ukazka pritbéhu pudnich vihkosti v merunkach pod kapkovou zavlahou ve dnech
30. 5. az 6. 6.2022

Po odtoku vody z nekapilarnich pora pak v pribéhu dne pidni vlhkost znovu intenzivné kle-
sa v disledku odcerpavani vody z kapilarnich pora kofeny rostlin za soucasného odpatrovani
evaporaci. Kfivka obsahu vody v ptidé postupné klesa v rozsahu VVK. Toto rozmezi se pod-
le dostupnosti vody pro rostlinu dale déli na volné dostupnou vodu a obtiznéji dostupnou
vodu. Hranici mezi témito dvéma stavy se nazyva bod snizené dostupnosti a vSeobecné se
za n¢j povazuje hodnota kolem poloviny vyuzitelné vodni kapacity. V rozmezi volné do-
stupné vody rostliny dokazou ziskéavat vlahu z plidy neomezené. Toto ¢erpani se na kiivce
v grafu pidni vlhkosti projevuje stejnomérnym poklesem, tzv. ,,dennimi schiidky* a umoz-
flyje urcitou toleranci pii volbé optimalni hodnoty pro provedeni zavlahy (Obrazek 12).
V oblasti snizené dostupnosti dochédzi k nedostatenému piijmu vody z plidy a nasledné
jsou rostliny stresovany suchem. Divodem sniZeni dostupnosti vody je postupné pieruseni
kapilédrniho toku vody ke kofeniim a rostliny jsou dale nuceny vodu aktivné vyhledavat
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prostiednictvim intenzivniho ristu kofenového vlaSeni. Snizena dostupnost vody se pro-
jevuje na grafu snizovanim intenzity ¢erpani vody a tedy poklesem tubytku piidni vlhkosti
(Obrazek 13).

Priklad:

Jestlize ptidnim rozborem nebo métenim pudni vlhkosti zjistime, ze polni vodni kapacita
dané pldy se pohybuje v rozmezi 33-34 obj. %, z grafu na obrazku 10 odecteme hodnotu
bodu vadnuti, ptiblizné 13 obj. %. V tomto ptipad¢ ¢ini VVK piiblizné 21 obj. % a z toho
voln¢ dostupna voda piiblizn¢ 40-50 %, tedy v naSem piipad¢ piiblizn¢ 9 obj. %. Z uva-
déného piikladu tudiz vyplyva, Ze v rozsahu vlhkosti piidy od pfiblizné od 25 do 34 obj. %
(odpovidajici hranici ptiblizné 55 % vyuzitelné vodni kapacity), jsou rostliny schopny pfi-
jimat vodu bez omezeni a netrpét suchem. Na modelovém piikladu na obrazku 11 byla
hranice pro spusténi zdvlahy nastavena na 30 obj. %, po vétSinu sledovaného obdobi se
pudni vlhkost v zévlaze fizené regulatorem pohybovala v doporu¢ovaném rozmezi od polni
vodni kapacity po bod snizené dostupnosti, pouze po provedené zavlaze doslo na urcitou
dobu k ptevlazeni.
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Obrazek 12. Pritbéh pidnich vihkosti ve vrstve 5-30cm — stanoveni polni vodni kapacity
a dalsich hydrolimitu

O tom, ze nebylo dosazeno bodu snizené dostupnosti, svédci i stejnomérny setrvaly pokles
pudni vlhkosti v obdobi beze srazek mezi dvéma zavlahami, na obrazku 12 je to obdobi
od 11. do 16. 6. 2022.

Z fyziologického ani z praktického hlediska neni vhodné udrzovat ptadni vlhkost blizko
hodnotam polni vodni kapacity. Nedochazi totiz k dostatecnému provzdusnéni plidy a ko-
feny v téchto podminkéch trvale neprosperuji. Navic v ptipadé vydatnéjSich srazek je jiz
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puda nasycena a prebytecnd voda odtéka bez uzitku. Na druhou stranu neni vhodné spoustét
zavlahu az pfi dosazeni bodu snizené dostupnosti vody v pude. Pfi odchylce v piesnosti
stanoveni, nebo vys$i evapotranspiracni potieb¢ jiz v ptid€ neni rezerva vody pro pokryti
potieb rostlin a tyto mohou trpét suchem.

Zavlahu je mozno ovladat ru¢né, nebo pomoci zavlahové automatiky vyhodnocujici na-
métené udaje pudni vlhkosti. Ruéni ovladani je vhodné pouze do malych sadt s n¢kolika
zavlahovymi sekcemi, kdy sadat po zjisténi hodnot piidni vlhkosti rozhodne o provedeni
zavlahy. Zavlazovani pomoci automatiky umoziuje vyrazné usnadnéni fizeni téchto proce-
st. V jednodussim provedeni je ventil ovladan pouze na zdklad¢ nastavené hranice ptidni
vlhkosti v zavlaZeném objemu pldy pod kapkovacem. Slozitéjsi systémy umoziiuji sledo-
vani 1 dalSich parametrd, napt. tlaku a pratoku vody nebo meteorologickych parametrd,
které prevadgji do fidictho pogitate otevirajiciho ventily. Rizeni kapkové zavlahy nejen
sadil na zaklad¢ namétenych pidnich vlhkosti je ve svété pomérné rozsifené a umoziuje
adekvatné reagovat na jednotlivé parametry ovlivitujici bilanci zasob vody v plidé, at’ se jed-
na o mnozstvi efektivnich srazek, odbér vody koteny rostlin za rozdilnych povétrnostnich
situaci ¢i mnozstvi dodané zavlahové vody. Za stoupajicich cen elektrické energie a Castéj-
Sitho vyskytu suchych period s nedostatkem vody pro zavlahy mize spravné fizend zavlaha
vést k vyraznym Usporam bez ovlivnéni vynosi. Systém tak prekondva klasické systémy
automatizovaného fizeni zavlahy pouze prostiednictvim casovace.
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Obrazek 13. Pribeh pidni vihkosti ve vysadbe jabloni bez zavlahy pri dostatecné vihkosti piidy
(zelena krivka) a pri vihkosti pod bodem jeji sniZené dostupnosti (hnéda krivka)
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3.1.2 Metoda stanoveni potieby zavlahy na zakladné vlahové bilance
pozemku

Vedle ptdy je nedilnou soucésti pohybu vody v prostfedi rostlin i atmosféra. Voda se do
atmosféry dostava prostrednictvim vyparu z povrchu nezivych materidli (evaporace) nebo
odpatfovanim vody z zivych soustav rostlin ¢i Zivo¢ichtl (transpirace). Nachazi se zde piede-
v§im v plynném skupenstvi, mize vSak kondenzovat a vracet se na zemsky povrch ve formé
destovych ¢i snéhovych srazek. Na zdklad¢ téchto a dalSich veli€in 1ze empiricky stanovit
pohyb vody v prostiedi, jeji objem 1 celkovou bilanci.

3.1.2.1 Principy metody

Stanoveni potieby zavlahy na zéklad¢ vldhove bilance pozemku vychézi z bilancovani je-
jich pfijmovych a ztratovych slozek. Metoda je zaloZena na zjednoduseném piedpokladu,
ze prenos vody probihd pidnim profilem jen ve vertikdlnim sméru a vztah lze definovat
rovnici:

kde:

obsah vody v ptidé na konci ¢asového intervalu,

obsah vody v plidé na zac¢atku Casového intervalu,

srazkovy thrn za Casovy interval na jednotku plochy povrchu pidy,
intercepce srazek na povrchu rostlin,

povrchovy a podpovrchovy odtok,

uhrn evapotranspirace za ¢asovy interval z jednotkové plochy povrchu ptdy,

O WO <

objem vody, ktery ptechazi pres dolni hranici bilancované¢ho objemu ptdy.

Za ptedpokladu, ze intercepce, povrchovy a podpovrchovy odtok a pfenos vody ptes dol-
ni hranici bilancovaného objemu pldy se blizi nule, 1ze rovnici bilance vody v profilu
zjednodusit:

Vf—ViZP—E

Z uvedeného zjednoduseni vyplyva, Ze zména obsahu vody v pid¢€ vychazi z bilance srazek
(ptipadné jiz dodanych zavlah) na stran¢ pfijmové a evapotranspirace na strané ztratove.
Pokud hrn evapotranspirace pievySuje hrn sraZzek a obsah vody v ptidnim profilu klesa
pod optimalni mez, je nutno dodat potiebné mnozstvi vody zavlahou.

3.1.2.2 Metody primého méreni evapotranspirace

Nejjednodussi metodou méfeni vyparu je méfeni vyparu z vodni hladiny. Principem je denni
odecet hladiny vody v nadobé€ a bilancovani ztraty vody vyparem se srazkami. K danému
ucelu se pouzivaji zpravidla kovové nadoby svétlé barvy (kovove stiibrné, bil¢,...) umisténé
pod zemskym povrchem ¢i nad nim.
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Ztejmé nejrozsirencjsi formou méfeni vyparu z vodni hladiny je pouziti vyparoméru ,,Class
A evaporation pan® (volné pieloZeno jako ,,Vyparomeér tiidy A*, Obrazek 14). Jde o kovovy
valec priméru 120,7 cm a vysky 25,4 cm umistény 15 cm nad zemskym povrchem. V mno-
ha statech se pouziva tato metoda jako standard, pfi¢emz za pomoci empiricky zjiSténych
koeficientll se vypar z vodni hladiny pfepocitava na potencidlni evapotranspiraci porostu —
pfevazné travniho porostu anebo zemédélskych plodin.

Obrazek 14. Vyparomer tridy A

Na staniéni siti CHMU se od roku 1968 pouzival manualni vyparomér GGI 3000. Slo o va-
lec priméru 30,9 cm a vySce 60 cm, ktery byl umistén v zemi s hladinou pii povrchu zemé.
Tento ptistroj byl v rdmci automatizace postupné nahrazovan automatickym vyparomérem
EWMS500 o stejné vyparné plose 3000 cm?2.

Pro pfimé méfeni evapotranspirace porostu se pouziva lyzimetr (gravitaéni monoliticky ly-
zimetr). Jedna se o vzorek ptidniho profilu s testovanym porostem (napf. travnim porostem),
ktery je umistén ve vazené komote ve tvaru kovového valce opatfené pfistrojovou tech-
nikou pro zaznam pludni vlhkosti. Kromé vlhkosti pidy a hmotnosti vzorku se dale méti
ptitékajici voda ve formé srazek nebo zavlahy a odtékajici voda z komory prostrednictvim
prisaku profilem. Toto zafizeni je vyuzivano pievazné ve vyzkumnych institucich, a to ze-
jména vzhledem k vys$8i pofizovaci cené¢ a vysokym naroktim na tidrzbu a obsluhu, kontrolu
a vyhodnoceni méfenych dat.

3.1.2.3 Stanoveni evapotranspirace pomoci vypoctu

Existuje mnoho vypocetnich metod pro stanoveni evapotranspirace. Do vypoctu vstupuje
zpravidla teplota, ptipadné radiace a dalsi prvky, které ovliviiuji vypar vody z povrchu
(vody, pudy, vegetace,...) a aktivitu vegetace vcetné jeji transpirace. Jednoduché vzorce
(empirické) vyzaduji minimum vstupnich dajti, kombinované metody jsou presnéjsi, ale
také naro¢néj$i na mnoZzstvi vstupnich dat a tim 1 pfistrojovou techniku.
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Metody vypoctu vypafovani je mozné dle Novéaka (1995) rozd¢lit na:

a)

b)

mikrometeorologické metody vypoctu (metoda turbulentni difuze, metoda energetic-
ké bilance, kombinovand metoda a metoda pulzaci), které jsou zalozené na analyze
rozdéleni meteorologickych prvkl v prizemni atmosféte,

empirické rovnice, které se vyuzivaji zejména tehdy, pokud nejsou k dispozici data
pro pouziti jinych metod,

metody vodni bilance, kter¢ jsou zalozen¢ na sestaveni bilance obsahu vody ve spe-
cifikovaném objemu putdy,

metody vypoctu vypatovani zaloZené na feSeni rovnic prenosu vody v kofenové vrst-
veé pudy,

metoda zaloZend na feSeni rovnic pienosu vody a tepla v porostu,

ureni transpirace méfenim intenzity proudéni roztoku v xylému rostlin, kdy tato
metoda umoznuje urcit transpiraci individudlni rostliny.

Z méné narocnych metod lze uvést metodu Papadakisovu, Budyka a Zubenokové a nebo
Thornthwaitovu, sofistikovanou a velmi rozsifenou metodou je kombinovand Penmanova
rovnice a jeji modifikace (Penman-Monteith) a dalsi.

3.1.2.3.1 Metody vypoctu evapotranspirace

Papadakisova metoda

ETP = 5,625(emy — €mn)

. potencialni evapotranspirace [mm.meésic-1],
napéti nasycené vodni pary vypocitané z mésicniho priméru maximalnich den-
nich teplot vzduchu ve vySce 2m nad zemi [hPa],
napéti nasycené vodni pary vypocitané z mé€si¢niho priméru minimalnich den-
nich teplot vzduchu ve vysce 2m, od n¢hoz byly odecteny 2 °C [hPa].

Metoda Budyka a Zubenokové

kde:

ETP ...

Qs ---

ETP = pxDx(qs—q)

potencialni evapotranspirace [mm],

soucinitel rychlosti turbulentniho pfenosu mezi urovni vypatujictho povrchu
a urovni méfeni v meteorologické budce [m.s-1] (v 1ét€¢ D ~ 0,003 ms-1),
hustota vzduchu [kg.m-3],

mérna vlhkost vzduchu nasyceného vodni pérou pfi teploté vypatujiciho povr-
chu [kg.kg-1],

mérna vlhkost vzduchu ve vySce 2m, tj. na Grovni meteorologické budky
[kg kg].
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Thornthwaitova metoda pracujici pouze s teplotou vzduchu vypocte potencidlni evapo-
transpiraci pouze pro mesice s kladnymi teplotami

10 x Tm\*
ETP = 1,6 (—)
1
kde:
ETP ... potencidlni evapotranspirace [cm.mésic-1],
Tm ... primérnd mésicni teplota [°C],
I... teplotni index [°C],

TAL51
=)

5
Ti — dlouhodobé primérna teplota vzduchu v i-tém mésici v roce,

a = (675x10"9)I3 + (77,11 x 1076)I2 + (17,921 x 1073)I + 0,49239

Mintz a Walker (1993) linearizovali ptivodni Thornthwaitovu rovnici do vztahu, kterym je
mozné pocitat evapotranspiraci pro jednotlivé dny:

ETP = 0,17 (nTgx) T

kde:

ETP ... potencialni evapotranspirace [mm.den-!],
Npax --- astronomicky mozna délka slune¢niho svitu [hod],

T...  primérna denni teplota vzduchu [°C].

Existuji 1 dals$i jednoduché empirické metody, napt. rovnice Turcova, Linacreaova a Iva-
novova. Vysledkem téchto vypoctl je vzdy potencidlni evapotranspirace.

Kombinovana metoda stanoveni potencialni evapotranspirace

Tato metoda byla poprveé vyjadiena Penmanem (1948) a je zaloZena na simultannim feSeni
soustavy rovnic popisujicich ustaleny tok tepla a vodni pary nad vypaiujicim povrchem (me-
toda turbulentni diftize) spolu s rovnici energetické bilance na urovni vypaiujiciho povrchu.

Evoluci Penmanovy metody vznikla metodika vypoctu vlahové potieby plodin, kterd byla
publikovana autori Allen a kol. v roce 1998 jako svazek metodickych navodi Organizace
spojenych narodl pro vyzivu a zemédélstvi k zavlaham a odvodnéni ¢. 56 (FAO Irrigation
and drainage paper 56: Crop evapotranspiration — Guidelines for computing crop water
requirements). Metodika je v oboru zndma pod zkracenym oznacenim ,,FAO 56

Zaklad tvoti vypocet tzv. referencni evapotranspirace ET,. Jedna se o evapotranspira-
ci travniho porostu, ktery je definovan jako kratce stfizeny, plné zapojeny porost vysky

12 cm, dobte zasobeny vodou, s konstantnim albedem 0,23 a povrchovym odporem porostu
70 s.m-1.
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900
0,408 xAx (R, —G) +yx T+273.16 XUy X (eg_eq)

A+yx(1+4+0,34x%xuy)

ETo =

kde:

ET, ... referencni evapotranspirace hypotetického povrchu [mm.den-1],

A ... derivace tlaku nasycené vodni pary podle teploty vzduchu [kPa.°C-1],
Rn ... radiacni bilance na povrch plodiny [MJ.m-2.den-1],

G ... tokteplav pudé [MJ.m-2.den-1],

Y ...  psychrometricka konstanta [kPa.°C-1],

T... primérna denni teplota vzduchu ve 2m nad povrchem [°C],

u? ... primérna denni rychlost vétru ve 2 m nad povrchem [m.s-1],

e ... tlaknasycené vodni pary pfi teploté vzduchu métené ve standardni vySce 2m [kPa],

e, ... aktudlni tlak vodni pary vypocitany podle teploty a vlhkosti vzduchu ve 2m [kPal].

Z meteorologickych prvki je k vypoctu referencni evapotranspirace potieba teplota vzdu-
chu, vlhkost vzduchu nebo tlak vodni pary, rychlost vétru a slunecni radiace, ptipadné délka
slune¢niho svitu, z niZ Ize teoretickou radiaci vypocitat.

Pro vypocet evapotranspirace jiného porostu je referencni evapotranspirace ET, v ramci
dané metodiky ptepoctena tzv. plodinovym koeficientem (crop coefficient) K, na potencial-
ni evapotranspiraci daného porostu:

ET. = K, X ET,

Tento koeficient je pro rizné plodiny jiny a navic se méni v ¢ase v zavislosti na vyvo-
Ji vegetace v pritbéhu sezony. Dal§Sim prepocCtem lze ziskat tzv. aktudlni evapotranspiraci,
a to pomoci koeficientu stresu suchem (K) stanoveného na zéklad¢ znalosti ptidni vlhkosti,
resp. na zaklad¢ aktudlni dostupnosti vody pro danou plodinu. Zde jiz do vypoctu vstupuji
informace o srazkach a ptipadnych zavlahach, informace charakterizujici schopnosti ptidy
pojmout vodu a informace o schopnosti plodiny vodu z ptdy cerpat. Kompletn¢ je metoda
popsana ve zminéné piiruc¢ce FAO 56.

3.1.2.3.2 Vstupni data pro vypocet evapotranspirace
Evapotranspiraci péstovanych plodin v ovocnych sadech lze vypocist empiricky s pomoci
méteni vybranych charakteristik. Data mohou pochézet z vlastnich nebo externich zdroji.
Data potfebnd k vypoctu potencidlni a aktualni evapotranspirace, ptipadné modelové vlh-
kosti piidy ¢i zavlahové davky je moZno rozdélit do nasledujicich skupin:

» informace o geografii lokality,
informace o pudg¢,

informace o vegetaci,

vwvyy

meteorologicka data.
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Informace o geografii lokality

Zakladni geografickou informaci charakterizujici polohu vypocetniho bodu (napf. stanice,
pozemku) je zemepisna Sitka, délka a nadmotska vyska. Zemépisna §itka se v nékterych
modelech pouziva pro vypoCty souvisejici se slune€nim zatfenim. Jednd se o denni udaje
svitani a soumraku uzivané ke stanoveni teoretické doby trvani slune¢niho svitu podle roc¢-
niho obdobi (resp. dne v roce). Geografické udaje je mozno urcit pomoci mapovych portald,
ke kterym patii naptiklad nejzndméj$i www.mapy.cz nebo maps.google.com. Nékteré mo-
dely navic pracuji 1 s informacemi o sklonitosti svahu a jeho expozici.

Informace o pudé

Informace o pidé¢ jsou potiebné pro vypocet aktualni evapotranspirace a pudni vlhkosti.
Modely pracuji bud’ se zrnitosti ptidy (udavajici pidni druh) nebo s hydropedologickymi
parametry — tzv. hydrolimity. V nékterych modelech je zrnitost pidy pfepoctena na hyd-
rolimity soustavou empirickych funkci (rovnic). Dullezitym parametrem je hydrolimit
vyuzitelna vodni kapacita. Nékteré modely bilancuji vstup vldhy do pudy (srazky, zévla-
ha,...) a evapotranspiraci na vydejové stran¢ a touto bilanci stanovuji aktualni zdsobu vody
v pudé, naptiklad v rozsahu vyuZitelné vodni kapacity. Podle dostupné vldhy v pidnim
profilu (stupné nasyceni pudniho profilu) pak v modelech dochazi k redukci potencialni
evapotranspirace na evapotranspiraci aktualni. Pomoci tdajii o pidnich hydrolimitech lze
aktualni nasyceni piidy piepocitat na hodnoty pidni vlhkosti.

Udaje o hydrolimitech pidy lze zjistit pomoci aplikace , NearriCZ: Databaze pro odhad
polni vodni kapacity a bodu vadnuti v zemé&dglskych ptdach CR pro uéely fizeni zavlah“
(Mihalikova akol., 2019). Dal§im zdrojem informaci o piidach je naptiklad geoportal SOWAC
GIS Vyzkumného ustavu melioraci a ochrany ptdy, v.v.1. (https://geoportal.vumop.cz) a také
geoportél s databazi BPEJ Statniho pozemkového tGtadu CR (https:/geoportal.spucr.cz).

Informace o vegetaci

Informace o vegetaci, které jsou pouzivany v modelech na vypocet evapotranspirace,
popisuji ¢asovou zménu v parametrech porostu ovlivitujici pfenos vody v systému pida —
rostlina — atmosféra. Jde naptiklad o objem kotenové zony, resp. hloubku zony aktivniho
prokofenéni, vysku porostu a listovou plochu. Mezi dalsi tidaje o porostech patii naptiklad
vybrané fenologické faze, které maji vliv na vyvoj a vodni potfeby vegetace. Jedna se na-
ptiklad o zacatek raseni, po€atek olisténi, opad listi, pfipadné sklizen plodd. Zadané udaje
byvaji pfepocteny na tzv. aerodynamicky a povrchovy odpor porostu. ZjednoduSen¢ fece-
no aerodynamicky odpor v modelech ovliviiuje proudéni vzduchu a tim odnos vypaiené
vody z povrchu rostlin, povrchovy odpor reprezentuje priichod vody rostlinou a priduchy
z téla rostliny (list) do atmosféry. Tyto parametry jsou pocitany podprogramy a rovnicemi
v ramci jednotlivych modelt. Aerodynamicky odpor vstupuje do interakce s rychlosti vétru,
povrchovy odpor porostu vstupuje mimo jiné do interakce s ozarenim (radiaci) slune¢nim
svitem, teplotou a vlhkosti vzduchu. Povrchovy odpor byva v modelech také ovliviiovan do-
stupnou vldhou v ptide ¢i jinymi (stresovymi) faktory majicimi vliv na uzavirani praduchda.
Metodika FAO 56 udava velké mnoZzstvi informaci o Siroké Skéle péstovanych plodin, které
je mozno vyuZzit pii vypoctu evapotranspirace, a to jak potiebné idaje, tak i postupy jejich
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stanoveni. Taxonomickou klasifikaci jednotlivych rostlinnych druhi 1ze nalézt na piiklad
v Atlase fenologickych poméri Ceska, ktery obsahuje jak struény popis rostlin, tak i cha-
rakteristiku fenologickych projevi.

Meteorologicka data

Mezi meteorologicka data pouZzivana v komplexnéjSich modelech patii zejména prameér-
na, minimalni a maximalni teplota vzduchu, primérna vlhkost vzduchu, globalni radiace
¢i délka sluneéniho svitu, primérna rychlost vétru a tthrn srazek. VéEtSina modelt pracuje
v dennim kroku, tzn. jedna se o denni hodnoty. Vlhkost vzduchu vstupuje v modelech nej-
Castéji ve formé tlaku vodni pary, ktery lze vypogitat na zakladé vlhkosti a teploty. Casto
nejsou rovnéz dostupné piimé informace o slunecni radiaci. Tu Ize pro potifeby modeli
vypocitat z doby trvani slune¢niho svitu. Informace o sraZkovém uhrnu nejsou vétSinou po-
tieba pfi vypoctu potencialni evapotranspirace. Do vypoctu vstupuji az pti vypoctu aktualni
evapotranspirace a modelovani ptidni vlhkosti (zasoby vody v pude¢).

V nékterych modelech se uvazuje s rocnim béhem od pocatku roku (1. 1.), pficemz musi
byt na zacatku béhu (roku) zadana téZ pocinajici (inicidlni) ptidni vlhkost v hodnotach, se
kterymi pracuje dany model. V nékterych modelech se pro zjednoduSeni bere v tivahu plné
nasyceni profilu vodou. Stejn¢ tak je potieba zadat pocate¢ni podminky v ptipadé spusténi
modelu v pritbéhu vegetacni sezony. Nékteré modely je mozno pouzivat v kontinudlnim béhu,
tzn. nékolik let po sob€. V daném piipad€ musi byt oSetieny podminky v zimnim obdobi.

Obrizek 15. Ucelovd meteostanice pro automaticky sbér dat
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Vlastni méreni meteorologickych dat

Vlastni zaznamenavani meteorologickych udajii Ize provést formou potizeni a provozu tce-
lové meteorologické stanice (Obrazek 15). Problematika métfeni i ndvrh stanice je podrobné
popsana v metodice ,,Metodika méfeni mikroklimatickych pomért zemédé€lskych plodin
a kultur* autorského kolektivu Stfedova a kol. (2016). Pokud se ma méfeni meteorologic-
kych veli¢in provadét standardizovanym zplisobem, popis metod a vlastnosti piistrojové
techniky a dalSich podrobnosti pfedkladd metodika Svétové meteorologické organizace
(WMO) €. 8: Guide to ,,Instruments and Methods of Observation®, ktera je volné dostupna
na webu WMO (2021).

Vlastni méteni je narocné na potizeni stanice, jeji udrzbu a kontrolu dat. V piipadé potieby
automatizace procesu vypoctu evapotranspirace ¢i dalSich parametrii je nutno provozovat
také vlastni datovy server (nebo napt. mikropocitac) pfipojeny k meteostanici, ptipadné
vyuzivat placenou sluzbu externi firmy. Nicméné¢ v dnesni dob¢ je tento zpisob bézné vyu-

vevr

Externi zdroje meteorologickych dat

Statem garantované méfeni a poskytovani meteorologickych dat v ramci Ceské republiky
provadi Cesky hydrometeorologicky tstav. Aktualni i historické data lze nalézt na interneto-
vych strankdch www.chmi.cz. V dobé¢ vzniku této publikace jesté nejsou vSechna data volné
dostupnd, nicmén¢ data popsana pro potieby vypoctu evapotranspirace jsou jako historicka
data (stafi 1 roku a dale) volné ke stazeni v dennim kroku. Aktudlni data jsou zvefejnéna on-
line na strankach tstavu ve formé tabulek. Potfebna data v jiném nez zvefejnéném rozsahu
1ze pofidit na oddéleni meteorologie a klimatologie na kazdé poboéce CHMU. K dispozici
jsou data o srazkach z cca 800 stanic, ostatni popsané veli¢iny méfi bezmala 200 stanic,
pficemz pocet stanic s méfenim srazek, teploty a vlhkosti vzduchu je cca 250 (stav k roku
2022). Data pro nemétené lokality Ize orienta¢né vypocitat prostorovou statistikou (interpo-
laci). CHMU provozuje na vybranych stanicich i méfeni vihkosti ptidy a na profesionalnich
stanicich také vypar z vodni hladiny.

Na internetovych strankach riznych organizaci, mést ¢i firem Ize najit dal$i meteorologicka
data, avsak tyto produkty mohou mit rozdilny ptistup k meteni dat. Jednak z hlediska pou-
zité ptistrojové techniky a jejiho umisténi, tak i1 z hlediska kontroly dat.

Velké mnozstvi meteorologickych dat, véetné aktuédlnich, 1ze nalézt na strankach spolec-
nosti AMET (www.amet.cz/meteodupont.htm). Data jsou k dispozici nejcastéji v 10 nebo
15 minutovém kroku. Vedle klimatickych dat jsou zde 1 data o vlhkosti pidy.

Piistup k datim z celého svéta je mozny pres portal Climate Data Store provozovany v ramci
programu Copernicus (https://cds.climate.copernicus.eu). Je zde mozno ziskat jak naméie-
na data, tak vysledky modell klimatickych scénaiti do budoucnosti.

V ptipad¢ potieby provedeni vypoctu modeli pro blizkou budoucnost je nutno ziskat data
ptedpovédi pocasi. Informace o pfedpovédi pocasi poskytuji ndrodni meteorologickée sluzby,
ptipadné ostatni organizace provozujici predpovédni modely, anebo spolecnosti poskytujici
prehled dat jinych subjektt (neprovozuji vlastni modely). Pfedpovédi pocasi jsou k dispozici
na nespoctu webovych stranek, ptikladem lze uvést narodni meteorologickou sluzbu —

30


www.chmi.cz
www.amet.cz/meteodupont.htm
https://cds.climate.copernicus.eu

Cesky hydrometeorologicky tstav — www.chmi.cz a dal$i portaly: www.agropocasi.cz,
www.windy.com, www.yr.no, charts.ecmwf.int, www.meteopress.cz, www.medard-online.cz/
a dalsi.

Kromé nezastupitelné pozice ¢lovéka meteorologa, jsou predpovédi pocasi dnes z velké
¢asti vystupem meteorologickych modelt. Meteorologické modely pocitaji z poCatecniho
stavu atmosféry v daném case predpovédni hodnoty jednotlivych prvki, které v souhrnu
popisuji predpovidany budouci stav atmosféry. Casovou integraci rovnic popisujicich dy-
namiku, termodynamiku a energetiku atmosféry pocitaji predevsim slozky proudéni. Déle
jsou pak pomoci riznych slozitych parametrizaci neptimo dopocitavany dalsi prvky jako
napi mnozstvi a intenzita srazek a oblac¢nost. Z hlediska rozsahu uzemi uvazovaného v mo-
delech existuji modely lokalni a globalni.

Globalni predpovédni modely simuluji chovani atmosféry na celé Zemi. Jsou vypocetné
velmi naro¢né. Nejznaméjsi jsou americky model GFS, model ISF Evropského centra pro
sttednédobou piedpovéd’ ve Velké Britdnii (ECMWF) nebo model ARPAGE Meteo France.

Lokalni modely pocitaji pfedpoveéd’ pocasi pro omezené uzemi, piipadné vychazi z vysledki
globalniho modelu a tyto vysledky zptesiiuji. V Cesku je nejpouzivangjsim lokalnim mode-
lem ALADIN, ktery na uzemi Ceské republiky provozuje Cesky hydrometeorologicky ustav.
Vlastni lokédlni model provozuji t€émét vSechny narodni meteorologické sluzby v Evropé
a existuje 1 n€kolik modelti soukromych spole¢nosti a vyzkumnych center. Ptikladem tako-
vého modelu je model Medard provozovany Akademii véd CR.

3.1.2.4 Metody modelovani evapotranspirace

V soucasné dob¢ existuje mnoho pocitatovych programi — modeld, jejichz vysledkem
je evapotranspirace (referencni, potencialni ¢i aktualni), ptipadné modelova zasoba vody
v pudé¢ (nasyceni piidniho profilu vodou) anebo i doporuc¢ené mnozstvi zavlah. Z hledis-
ka principu vypoctu evapotranspirace modely pievazné pracuji s rizné¢ modifikovanou
Penmanovou rovnici, ve které se pouzivaji rizné koeficienty ¢i dil¢i algoritmy pro vypocet
téchto koeficienta.

Kromé ptepisu uvedenych rovnic v tabulkovém procesoru (napi. MS Excel) je volné dostupnou
jednoduchou formou vypoctu evapotranspirace napiiklad balicek ,,EcoHydroTools* nebo
,Bvapotranspiration* v ramci volné dostupného programovaciho jazyka R (www.r-project.org).

Mezi modely ¢i aplikace (programy), které obsahuji rovnice na vypocet evapotranspirace,
pomocné koeficienty a dalsi metody patii naptiklad AVISO, SoilClim, Kalkulacka vldhové
potieby, ZAPROG 1 a IRRIPROG, AquaCrop a ETo calculator (bliz§i informace jsou uve-
deny dale).

Model AVISO

Model je provozovan na odd. meteorologie a klimatologie CHMU Brno a byl popsan v ramci
disertacni prace jeho provozovatele. Model ¢aste¢né vychazi z britského modelu MORECS
(Hough a Jones, 1997), principem pouzivd metodu vypoctu evapotranspirace Penman-
-Monteith a metoda vypoctu je s metodou FAO 56 obdobna. Nékteré algoritmy a koeficienty
jsou pievzaty z modelu MORECS a nékteré jsou upraveny pro pouziti v podminkach CR.
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Model je pouzivan pro vypocet agrometeorologickych charakteristik standardnich povrchi
(voda, hola ptda, travni porost), zemedélskych plodin a testuje se v ramci vyzkumu a vy-
voje také pro lesni porosty a ovocné sady. Do vypoctu vstupuji parametry modelového
povrchu/porostu a dale sada meteorologickych prvka z databdaze CHMU. Jedna se o pri-
meérnou denni teplotu vzduchu, priimérny denni tlak nasyceni vodni pary (nebo primérnou
vlhkost vzduchu), primérnou denni rychlost vétru, dobu trvani slune¢niho svitu a denni
thrn srazek. Nékteré z vystupti modelu jsou k dispozici na webovych strankach CHMU
v ramci sluzby Monitoring sucha CR. Model neni volné dostupny, nicméné jeho vystupy
jsou soucasti vystuptt CHMU a vybrané vystupy tvoii odborné publikace v&. vyzkumné
¢innosti.

Model SoilClim

Tento model vyvinul Siroky védecky tym véetné odbornikii na danou problematiku z USA.
Program Ize nalézt i ke stazeni na strance www.snowmaus.wz.cz

Zakladem modelu je metodika FAO 56, dil¢i algoritmy ¢i metody byly upraveny v rdmei vy-
zkumnych aktivit tviirci modelu. Z hlediska meteorologickych prvki vstupuje do modelu
SoilClim maximélni a minimalni denni teplota vzduchu, primérna denni vlhkost vzduchu,
globalni solarni radiace, primérnd rychlost vétru a tthrn srazek.

Ustav vyzkumu globalni zmény Akademie véd Ceské republiky (CzechGlobe), Mendelova
univerzita v Brn¢ a Statni pozemkovy ufad provozuji webovy portal Intersucho.cz, ktery
prezentuje mimo jiné vysledky modelu SoilClim.

Soucasti velmi komplexniho systému (prezentované¢ho na webovém portalu intersucho.cz)
je, krom& modelovych vysledki, také naptiklad informace ze sité expertnich zpravodaji
z oblasti zemédélstvi, lesnictvi, ovocnafstvi, vinafstvi, Skolkatstvi a ptibuznych obort, po-
skytujici pravidelna tydenni hlaSeni posuzujici aktualni stav sucha a jeho dopadt. Dale jsou
v tomto systému vyuzivany satelitni snimky z programu dalkového prizkumu Zemé.

Kalkulacka vlahové potieby

Jedna se o produkt dostupny na webové strance vlaha.vumop.cz, ktery provozuje Vyzkumny
ustav melioraci a ochrany pidy, v. v. 1. Oproti modelim (vypoctovym programiim) je ten-
to produkt nastrojem pro zobrazeni dlouhodobych hodnot vlahové potieby pro konkrétni
pudni blok LPIS. Pro pidni bloky byly vypocteny dlouhodobé hodnoty vldhové potieby
jednotlivych plodin za obdobi 1981-2010 a 2009—2018 z databaze CHMU a uzivatel sys-
tému tak nemusi Zddna data zadavat. Staci vybrat ptidni blok, plodinu a hodnocené obdobi.
Na grafu se zobrazi primérna dlouhodoba vldhova potteba, kterou si Ize porovnat naptiklad
s prubéhem pocasi v daném roce nebo porovnat modelové hodnoty pro riizné typy plodiny
na daném piidnim bloku.

Vychozim podkladem pro vyvoj kalkulacky vlahové potieby byla norma CSN 75 0434
(Meliorace — Potteba vody pro doplitkovou zavlahu, 2017) a metodika FAO 56.
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ZAPROG 1 a IRRIPROG

Jedna se o vypocetni programy vyvinuté ve Vyzkumném tistavu melioraci a ochrany ptidy, v. v. 1.
Na zakladé zadanych vstupnich hodnot vypoctou kromeé evapotranspirace (metodou FAO 56)
také velikost zavlahové davky pro zadanou plodinu. Mezi vstupni udaje potiebné k vypoctu
patii primérné teplota a vlhkost vzduchu, globalni radiace, primérna rychlost vétru, thrn
srazek a dale pidni charakteristiky: pidni hydrolimity a vodni potencial, obsah ptdni vlh-
kosti, dale udaje o pozemku jako je vymeéra, sklon, nadmotské vyska, zemépisné soutradnice,
a udaje o plodin¢ vcetné agrotechnickych terminii seti/sazeni, sklizen, hloubka navlazeni
a dalsi.

Jednd se o program zaloZeny na bilanci obsahu vody v ptidé. Program umoziuje uzivate-
lim zavlahy pomoci vlastni vypocetni techniky stanovit potfebu doplitkové zavlahy pro
péstované plodiny na jejich pozemku ve vegetanim obdobi. Program je mozné vyuzivat
pro fizeni zavlah plodin postfikem nebo mikrozavlahou na pozemcich o jakékoliv vymére.

AquaCrop a ETo calculator

Jedna se o volng¢ stazitelné vypocetni programy publikované pod zastitou Organizace spoje-
nych narodt pro vyzivu a zemédélstvi (FAO). ETo calculator slouzi pro stanoveni referencni
evapotranspirace dle metodiky FAO 56. Program AquaCrop je model rtstu plodin ktery si-
muluje odezvu vynosu na dodavku vody. Pouziva relativné maly pocet vstupnich parametrii
a vétSinou intuitivnich proménnych, které vyzaduji jednoduché metody pro jejich urceni.
Vypocletni postupy jsou zaloZeny na zakladnich a €asto slozitych biofyzikalnich procesech,
aby byla zarucena ptesna simulace odezvy plodiny v systému rostlina—ptida. Jedna se o vel-
mi obsahly program s kvalitné zpracovanou dokumentaci. Stazeni programl a podrobné
informace 1ze nalézt na webovych strankach: https://www.fao.org/aquacrop a https://www.
fao.org/land-water/databases-and-software/eto-calculator/en

Komerc¢ni programy pro zavlahy ovocnych dievin

Existuje fada sofistikovanych programt dedikovanych pfimo pro stanoveni potieby pro
zavlahy ovocnych dfevin. Tyto programy zpracovavaji data pro vypocet evapotranspira-
ce v dennim sledu a umoznuji variabilni nastaveni reziml pro zavlaZzovani podle zvolené
strategie. Jejich provedeni byva uzivatelsky pfistupné umoziujici grafickou vizualizaci
vysledkl prostfednictvim webového rozhrani vcetné sugestivniho hodnoceni stavu vodni
bilance péstovanych plodin. V fad¢ ptipadi jsou tyto programy dostupné pro on-line kon-
trolu stavu porostll a umoZiiuji 1 ovladani prvkl zavlahovych systémi pfimo z mobilniho
zatizeni. Tyto programy jsou vSak zpravidla poskytovany pouze komer¢né a to formou soft-
waru nebo sluzby, napi:
https://www.itk.fr/en/research-and-development-projects/vintel-orchards/
https://www.swansystems.com/industries/horticulture/

V ramci vyuziti dalkového prizkumu Zemé (DPZ) jsou nékteré rovnice vypoctu evapo-
transpirace a modely aplikovany do nasledného zpracovani (post processing) snimkii Zemé.
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Mezi takové produkty a projekty patii naptiklad:

MODIS Global Evapotranspiration Project (MOD 16) — University of Montana —
http://www.ntsg.umt.edu/project/modis/mod16.php

Crop productivity and evapotranspiration indicators from 2000 to present derived from
satellite observations — Copernicus Climate Change Service —
https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-agroproductivity-indicators

Sentinels for Evapotranspiration (Sen-ET) — European space agency (ESA) —
https://www.esa-sendet.org

3.1.2.5 Interpretace vysledkii a Fizeni zavlah

Popsané metody — rovnice 1 modely — poskytuji bud’ informaci o evapotranspiraci porostu
nebo pifimo modelovou zdsobu ptdni vlahy (~ vlhkost piidy) anebo vlahovou bilanci, tedy
kvantifikaci prebytku €1 deficitu sraZzek viic¢i evapotranspiraci. VétSina modelt poskytuje vy-
sledky v jednotkach, které jsou ekvivalentem sraZzek — tzn. mm vodniho sloupce. Pro néktere
aplikace je nutno dané hodnoty piepocitat napiiklad na m3.ha-! ¢i jiné veliCiny pouzivané
v zé&vlahaiské praxi. Potieba pro spusténi zdvlahy nastava, kdyz soucet vlahového defici-
tu zjisténého za uplynulé obdobi dosdhne objemu stanovené optimalni davky. Dulezitym
faktorem je kvantifikace optimalni vlhkosti ¢i objemu ptdni vlahy (vlhkost v obj. %, €1
v procentech vyuzitelné vodni kapacity), kterou je potieba pomoci zavlah udrzovat.
Vzhledem k povaze vstupnich a vystupnich procest systémy umoznuji plnou automatizaci
zavlahy. Tedy kdyZ je naplnénd potieba, dojde k automatizovanému spusténi otevienim
ventilu a probéhne zdvlaha v nastavené davce.

3.1.3 Metoda stanoveni vlahové potieby zaloZena na fyziologické reakci
rostlin

Pro stanoveni potieby zavlah je moZné vyuZzit metodu zaloZenou na hodnoceni fyziologic-
ké rekce rostliny. Z tohoto pohledu lze rostliny vnimat jako ,,biosensory®, které integruji
vliv dostupnosti ptidni vlahy, vyparného potencidlu atmosféry a vlastnosti rostliny samotné.
Rostliny reaguji na stres suchem velkym mnozstvim fyziologickych odpovédi, jejichz stu-
diem se zabyva obor fyziologie rostlin.

3.1.3.1 Principy metody

Teoretickou vyhodou metod zalozenych na fyziologické reakci rostliny oproti metodam
zalozenym na piidni vlhkosti ¢i vodni bilanci pozemku, je jejich pfimé zaméteni na stav plo-
din, nikoliv na stav prostfedi, v némz se plodiny nachazi. Metody zalozené na fyziologické
reakci rostliny tak umoznuji napt. 1épe odhalit prostorovou heterogenitu v potiebé zavlah,
nebo pomahaji 1épe vztahnout potiebu zavlahy k fenologickému vyvoji ¢i staii plodiny.
Dalsim dtlezitym pouzitim fyziologickych metod je precizni nastaveni deficitni zavlahy,
kterd ma pfinos jak v Gspote vody, tak ve zlepSeni kvantitativnich a kvalitativnich vynoso-
vych parametri. Nevyhodou téchto metod je nutnost disponovat specializovanym a ¢asto
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dosti drahym pfistrojovym vybavenim. Dalsi limitaci spojenou s vyuzitim predevsim kon-
vencnich neautomatizovanych metod stanoveni vodniho stavu rostliny je 1 jejich sloZzitost
a s ni souvisejici potieba provadét meteni a vyhodnoceni vysledki kvalifikovanym pracov-
nikem. Druhou moznosti, je pak vyuziti automatickych kontinualn¢ snimajicich senzort
vybranych fyziologickych procest rostliny, u kterych spolecné s automatizovanym nastave-
nim zavlahového systému tato potieba odpada.

Vodni stav rostlin 1ze v praxi hodnotit nasledujicimi metodami:

Vodni potencial rostlin — predstavuje zakladni veli¢inu, kterd popisuje vodni stav rostliny.
Jedna se o vyjadieni chemické energie vody v systému. Konvencné se vyjadiuje v jednot-
kach tlaku a udava tenzi vodniho sloupce v cévach vodivych pletiv.

Priduchova vodivost — priduchy jsou miniaturni otviirky na listech rostlin, jimiz dochazi
k vyparu vody z listl a jimiZ zdroven do rostlin proudi oxid uhli¢ity z okolniho vzduchu,
ktery je nezbytnym substratem pro fotosyntézu. Priduchy jsou velmi citlivé na vodni deficit
a na nedostatek vody reaguji zaviranim. SniZeni priiduchové vodivosti listu proto mize byt
velmi dobry indikator stresu suchem, a tedy zavlahove potteby plodiny.

Zména obvodu kmene — dal§i metodou, kterd ptinasi informace o vodnim stavu rostlin
a pusobeni stresu suchem, je méfeni zmén v obvodu kmene automatickymi dendrometry.
Tato méteni zaznamenavaji nejen postupny rust kmene do Sitky na zékladé ptirtistani diev-
nych svazk, ale 1 pravidelné rozpinani kmene béhem noci a jeho smr§tovani béhem dne,
které nastava v dusledku ztraty vody transpiraci. Velikost amplitudy této denni oscilace,
tedy zmenSeni dennich pfirtstkd, ¢i dokonce zastaveni rustu, je povaZzovédna za vhodny in-
dikator stresu suchem a zavlahové potieby.

Méreni transpira¢niho toku — transpiracni tok a jeho intenzitu Ize méftit termalnimi meto-
dami. Principem této skupiny metod je méfeni pfenosu tepla, ktery se déje spolu s pohybem
vody transpira¢nim proudem v dievnich svazcich. Rychlost toku a jeho zmény opét posky-
tuji podklad pro stanoveni potieby zavlahy péstovanych plodin.

3.1.3.2 Typy méricu, zpusoby instalace, provoz a technické vybaveni

Meéreni vodniho potencialu

Nejptiméj$i metodou pro stanoveni vodniho stavu rostliny je méfeni vodniho potencialu
jejich organt. Tato metoda ma ve fyziologii rostlin dlouhou tradici a je technicky pomérné
jednoduchd. Méfeni vodniho potencialu Ize provadét v obcasném (diskrétnim) nebo ne-
pretrzitém (kontinudlnim) reZimu. Pti diskrétnim rezimu se méfeni provadi na odfiznutych
castech rostlin (nejcastéji listech) Scholanderovou tlakovou komorou (Obrazek 16). Tento
piistroj sestava z ocelové nadoby opatiené vikem s gumovym tésnénim, kterd je piipojena
k manometru. Do nadoby se uzavie méfeny vzorek tak, aby fezna plocha fapiku vy¢niva-
la z vika ven a vzorek byl ve viku fadné utésnén. V nadobé se poté zacne zvySovat tlak
pripousténim stlaceného dusiku nebo vzduchu z pfipojené tlakové lahve. Tlak v komote
je postupné zvySovan az do okamziku, kdy se feznd plocha fapiku za¢ne zvlh¢ovat vodou
vytla¢enou z pozorovaného vzorku. Obsluha Scholanderovy komory peclivé pozoruje fez-
nou plochu fapiku a zaznamena hodnotu tlaku, pfi které dojde k ovlhceni fezné plochy. Pii
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pozorovani drobnych fapikti (napf. u merunék) je vhodné pouzit k pozorovani lupu. Tlak,
pii kterém dojde k ovlhCeni fezné plochy fapiku, nazyvame balan¢ni tlak a odpovida abso-
lutni hodnoté vodniho potencialu vzorku. Vodni potencidl listu pak uvadime jako zédporné
Cislo, jelikoz odpovida sacimu tlaku, ktery rostlina potiebuje vynalozit na pfijem a transport
vody ve dievnich svazcich. (Obrazek 17).

Méteni vodniho potencialu lze provadét v nékolika modifikacich. Vodni potencidl 1ze mé-
fit pfimo na transpirujicich listech. Takové méfeni je siln€¢ ovlivnéno aktudlni evaporaci
z listu a je citlivé napt. na zmény ozafenosti. RobustnéjSim parametrem, ktery se proto pro
hodnoceni zavlahové potieby doporucuje, je vodni potencial dievnich svazkl (xylému).
Toto méfeni se provadi na listech, které byly po dobu alespon 1 hodiny uzavieny v sacku
opatfeném nepropustnou aluminiovou folii. U takto zabalenych listd, které tim padem ne-
transpiruji, dojde k vyrovnani vodniho potencidlu s xylémem. Méteni vodniho potencidlu
listd nebo xylému by se méla provadét v dobé kolem poledne, kdy byvaji namétené hodnoty
nejnizsi (tj. nejvice zaporné). Casto se téZ provadéji méfeni vodniho potencidlu na listech
odebranych pred rozednénim. V tomto piipadé se predpoklada, ze stromy v noci netranspi-
ruji, a dojde tak k vyrovnani vodniho potencidlu mezi rostlinou a ptidou. Vodni potencial
méteny pred rozednénim Ize tedy povaZovat za indikator vodniho potencidlu pudy v dosahu
kotenového systému plodiny.

Takto provadénd méteni vodniho potencidlu umoznuji kvalifikovany odhad hrani¢nich
hodnot stresu suchem u rtiznych druhli a v riznych podminkéch prostfedi. Nevyhodou je
nutnost provadét tato méfeni manualné v diskrétnich intervalech, coz znemoziuje napojeni
na automatické systémy ftizeni zavlah.

Jako slibnou alternativou téchto méfeni se jevi nové vyvinuté kontinudlné métici senzory
typu mikrotenzometri Florapulse pro méfeni vodniho potencialu (https://www.florapulse.
com/). M¢fiCe se instaluji na kmen stromu ze dvou stran a umoziuji kontinualni snimani
porostl a transfer dat na webové rozhrani, které umoziuje vyhodnoceni stavu ovocnych
dfevin v sadech 1 fizeni zavlahy.
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Obrazek 16. Scholanderova tlakova komora pro méreni vodniho potencialu. Vpravo dole je list
fixovany ve viku tlakove nadoby.
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Obrazek 17. Porovnani vodniho potencialu xylému (Vyyjep) u tFech zavlahovych variant v riistové
sezoné 2022. U nezavlazované varianty (ETc-0) hodnota vodniho potencialu klesla béhem sezony
pod -1.5MPa, coz je hranice povazovana za pocatek vyznamného stresu suchem.

Meéreni priduchové vodivosti a listové vymény plyni

Mg¢éteni priduchové vodivosti 1ze provadét porometry nebo ptistroji na bazi infracerveného
analyzatoru plynli (Obrazek 18). Vzhledem k pomérné¢ slozité a velmi drahé piistrojové
technice nachdzeji tyto metody uplatnéni prozatim jen ve vyzkumu, nicméné ve fyziologii
rostlin jsou rutinn¢ pouzivané. Méfeni probihaji na intaktnich (tj. neutrzenych) listech, které
jsou uzavieny do métici komory. List je ponechdn v komote nékolik minut, aby se adaptoval
na nové podminky prostiedi. Sofistikované;si ptistroje maji Sirokou Skalu parametra, které
je mozné ve vzorkové komote kontrolovat (napt. ozarenost, vlhkost vzduchu, teplotu listu).
Priduchova vodivost, rychlost transpirace a rychlost fotosyntézy je pak vypoctena z name-
fenych zmén v koncentracich vodni pary a oxidu uhli¢itého v méfici komote. Méfeni listové
vymeény plynd jsou velmi citlivd na ménici se podminky prostfedi, proto se doporucuje
provadét metfeni za slunecného pocasi a v dobé kolem poledne. Idedlni je pfed zapocetim
rozsahlej$iho sezonniho méteni proméiit také denni chody priaduchové vodivosti, piipadné
odezvu na rtizné hodnoty ozéienosti. Tato doporuceni ovSem znamenaji znacné omezeni
poctu rostlin, které je mozné v dany den nebo sezonu zméfit tak, aby bylo mozné vysledky
vzajemn¢ porovnavat. Z naSich zkuSenosti je mozné v polnich podminkach zméfit v jeden
den maximaln¢ 30 rostlin.

37



Obrazek 18. Méreni priduchove vodivosti, fotosyntézy a transpirace
infracervenym analyzatorem plynii (LI-6800)

Meéreni zmén v obvodu kmene automatickym dendrometrem

Dendrometry jsou citlivé senzory (Obrazek 19), které¢ dokaZou zaznamenat zmény v obvo-
du nebo priméru kmene s rozliSenim az lum v ¢asovém intervalu 5 min. Tyto senzory se
fixuji na kmen stromu za pomoci ocelového pasku nebo se zavrtdvaji Sroubem do kmene.
Data jsou métena kontinudlné a poskytuji tak priitbéznou informaci o zménach riistu kmene
v pribéhu vegetatni sezony.

Dendrometrickd méteni zmén obvodu kmene (Obrazek 20) poskytuji dobrou moznost au-
tomatizace zavlah a v jiznich statech Evropy (napt. Spanélsko, Francie) byly jiz vyvinuty
komercni systémy jejiho fizeni pomoci této metody. Nicméné i v pfipadé této metody plati,
ze spravné provedeni métfeni ani vyhodnoceni a interpretace dat nejsou jednoduchou za-
lezitosti. Pti instalaci ¢idel je tfeba brat v tivahu teplotni senzitivitu méteni. ACkoliv jsou
¢idla vyrabéna z materidlu s malou teplotni roztaznosti, v sadu se dendrometry doporucuje
instalovat tak, aby na né¢ co nejméné svitilo ptimé slunce. Je také tteba dbat na to, aby oce-
lovy pasek, jimz se dendrometry na kmen fixuji, ptiléhal pevné k obvodu kmene. U starSich
stromil je proto nékdy nezbytné oSkrabat vnéjsi odlupujici se vrstvu kliry. U mladych stro-
mu muze naopak drzék dendrometru vyvolat vznik prasklin v klife, coz mlize negativné
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ovlivitovat kvalitu snimanych dat. Dendrometry je tfeba pravidelné kontrolovat a pieinsta-
lovat je v pfipadé, ze prirtstek kmene prekroci méftitelny rozsah. Reinstalace dendrometrii
ve vétSing piipadl postaci jednou za 1-2 roky, ale u rychle rostoucich stromit mize byt tento
interval 1 kratsi.

Obrazek 19. Automaticky (nahore) a manualni (dole) paskovy dendrometr nainstalovany
na kmeni jabloné
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Obrazek 20. Zména obvodu kmene béhem péti dnii zaznamenand automatickym dendrometrem

u nezavlazované (ETc-0) a zavlazované (ETc-100) varianty ve vysadbé jabloni. Kmen pomalu

prirista a zdaroven je patrna pravidelnad oscilace souvisejici se zménou zasoby vody v kmeni.
Denni prirustky i amplituda oscilace jsou nizsi u nezavlazované jablone.
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Méreni transpira¢niho toku

Posledni rostlinné-fyziologickou metodou, které se budeme podrobnéji vénovat, je méteni
transpira¢niho toku termalnimi metodami. Tato méfeni Ize provadét v riznych modifika-
cich, nicméné jejich spolecnym principem je, Ze pouzivaji méfeni pfenosu tepla v kmeni
k vypoctu transpira¢niho toku vody. Do Casti kmene se senzor instaluje tak, aby byly elek-
trody ¢idla zapustény do cévnich svazkii pod kiiru ovocného stromu. Kmen nebo jeho ¢ast je
zahtivan (kontinudlné nebo pulsem) a monitoruje se pienos tohoto tepla do nevyhtivanych
¢asti kmene, pricemz se piredpoklada, Ze teplo je pfendSeno zejména s transpiracnim tokem.
Instalované senzory proto musi byt dobie izolované od vlivu prudkych zmén v okolni teploté
(napf. hlinikovou f6lii). Zakladnimi principy komeréné vyrabénych ptistrojli je (v chrono-
logickém potadi dle doby od zavedeni do praxe) méteni rychlosti pohybu tepelného pulzu,
tepelné bilance kmene, disipace tepla a deformace tepelného pole. Nejptesnéjsi jsou metody
tepelné bilance, vyrobné nejjednodussi metoda disipace tepla a nejméné elektrické energie
spotiebuje metoda tepelného pulzu.

3.1.3.3 Interpretace méreni a rizeni zavlahy

Vodni potencial rostlin — Zméfené hodnoty vodniho potenciélu je tfeba interpretovat v Sir-
Sim fyziologickém kontextu. Ackoliv je vodni potencial pfimym ukazatelem vodniho stavu
rostliny, jeho hodnota podléha zpétnovazebne fyziologické kontrole, jejiz parametry se 1i8i
mezi jednotlivymi druhy i odridami plodin. Zatimco u nékterych druhti hodnoty vodniho
potencialu kopiruji vysychani piidy (tzv. druhy anizohydrické¢), jiné druhy (tzv. isohydrické)
maji tendenci udrzovat konstantni hodnotu vodniho potencialu i za podminek zvySujiciho se
sucha. Této hodnoty vodniho potencidlu je dosazeno predevsim v disledku zavirani pradu-
chii listh. Méteni praduchové vodivosti list je proto dalsim dilezitym ukazatelem vodniho
stavu plodiny.

Priduchova vodivost — Interpretace vysledki méfeni priduchové vodivosti a listové vy-
meény plynii by méla brat v potaz rozdily mezi izo- a anizohydrickou reakci druhti ¢i odrad,
jak jiz bylo uvedeno vySe v sekci o méteni vodniho potencidlu. Z dlouhodobého hlediska
je téz mozné, ze rostliny v diisledku sucha sniZi velikost listové plochy opadem listii, a tim
zredukuji vypar nezavisle na praduchové vodivosti. Dilezité je také brat v potaz rozdily
v nasad¢ plodd, jelikoz stromy s vysokou nasadou plodt obvykle maji i vyssi praduchovou
vodivost nez stromy s nizkou nésadou.

Zména obvodu kmene — Pii interpretaci dat je nékdy problematické odd¢lit od sebe zmé-
ny obvodu v diisledku riistu a zmény v disledku méniciho se obsahu vody. Zmény obvodu
kmene téz citlivé reaguji na srazky, kdy béhem destivych dnti dochazi k vyraznému zvyseni
obvodu kmene, pravdépodobné v disledku nasati vody do pletiv, které se za normdlnich
podminek na zasobni funkci nepodileji. Tyto nepravidelné oscilace tak zt€zuji interpretaci
dat a Cini rutinni pouziti dendrometrti v prostiedi s ¢astymi srazkami (tedy i v podmin-
kach Ceské republiky) problematické. Nicméng, v soudasné dobé se testuji nové modely
kombinujici méfeni obvodu kmene s métenim transpira¢niho toku, které jsou robustnéjsi a
umoziuji tyto odchylky identifikovat.
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zahrnuji objemovou hustotu toku (sap flux density) a velikost toku (sap flux), ktery integruje
objemovou hustotu toku pies danou plochu priifezu kmene nebo béle kmene (tzn. mladsi
radialni ¢ast kmene obsahujici funkéni dievo). SniZeni objemové hustoty nebo velikosti
toku Ize vnimat jako indikator stresu suchem a zdvlahové potieby. Tok mlize byt integrovan
1 pres jednotku Casu a Ize tak vypocist napt. tok za jeden den, ktery pak miizeme povazovat
za denni spotiebu vody stromem (daily water use). Tento parametr je z hlediska fizeni zavlah
velmi informativni, nebot’ od né¢j Ize odvozovat i doporuc¢enou denni davku zavlahy (v mm.
den-1). Méfeni transpiratniho proudu teoreticky poskytuje dobrou moznost automatizace,
nebot’ instalované senzory méfi kontinualné a méfené parametry citlivé reaguji na vodni
stav rostliny. Na druhou stranu, transpiracni proud citlivé reaguje na evapotranspiracni po-
zadavky atmosféry, proto je nutné jej posuzovat v kontextu aktudlniho pocasi. Interpretace
naméfenych dat je téz ztizena heterogenitou v radidlnich profilech tokl napti¢ kmenem,
kterou je tieba dobte charakterizovat.

Rizeni zavlahy
Vlastni fizeni zavlahy probiha pfistupem méfeni intenzity signdlu vybraného fyziologické-
ho indikatoru vodniho deficitu (IVD). Intenzita signalu (SI) je kvantifikovana jako pomér
IVD v zavlahové varianté a [VDr zméteného pii absenci ptidniho sucha (tzv. referencni hod-
nota). Uelem tohoto vypoétu je zohlednit vliv vyparu vody z rostliny do atmosféry, ktery
vzdy povede k vytvoreni ur¢it¢ho vodniho deficitu. Intenzita signalu (SI) je tedy vypoctena
podle nasledujiciho vzorce:

IVD
1= Wwor

Referencni IVDr mtze byt méfen na plné zavlazovanych stromech, ptipadné uren napf.
pted zapocetim zavlazovani, kdy je ptida jesté pln€ nasycena. Dals$i moznosti je vyuzit hod-
noty fyziologického parametru métené po desti nebo v den nasledujici po aplikaci zavlahové
davky. Posledni ¢asto vyuzivanou moznosti je odhad referen¢niho indikdtoru pomoci tzv.
referen¢niho vzorce, ktery vztahuje hodnotu IVD k vybranému mikrometeorologickému
parametru, ktery souvisi s vyparnym potencidlem atmosféry (napt. sytostni dopln¢k, global-
ni radiace, referencni evapotranspirace, teplota vzduchu). Referencni vzorce vsak s sebou
nesou urcitou miru nejistoty a vztah mezi IVD a atmosférickym parametrem mize byt za-
visli na dalSich vyznamnych okolnostech napt. na fenologické fazi.

DalSim krokem pro urceni zavlahové davky je stanoveni pozadované intenzity signalu.
Pokud chceme zcela eliminovat ptdni sucho, budeme cilit na SI = 1 (IVD zavlahova vari-
anta =IVD pln¢ zavlazovana varianta). Pokud budeme chtit zavlaZzovat v deficitnim rezimu,
budeme pozadovat SI > 1. Nastaveni pozadované intenzity signalu tedy provedeme podle
vzorce:

Pozadovany signal = referencni signdl x hranicni hodnota

Hrani¢ni hodnota je urcena expertnim odhadem na zakladé¢ predchozich méfeni ¢i z dostup-
né literatury.
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Pokud tedy mame stanoveny referen¢ni signdl a pozadovanou hrani¢ni hodnotu, provadime
méteni IVD v cilové zavlahové varianté a porovnavame jej s pozadovanym SI. V ptipadé
zjisténého rozdilu upravujeme zavlahovou davku o = 10-20 % a tento postup pravidelné
opakujeme v pribéhu zavlahové sezony.

Z vyse popsan¢ho principu vyplyva, Ze nastaveni zdvlah pomoci méteni fyziologické odezvy
rostliny vyzaduje dobrou znalost zavlahového systému, které se idealné opira o pomérné po-
drobna ptedchozi méfeni. Vybér konkrétniho IVD, druhové specifické parametry a vztahy
potiebné k efektivnimu nastaveni zavlah jsou v soucasné dob¢ uptesiiovany pro riizné druhy
arizné podminky prostiedi v rdmci experimentalnich méteni. Spolu s rozvojem kontinualné
méticich senzort, ptipadné v disledku kalibrace IVD s parametry ziskanymi metodami dal-
kového prizkumu se v budoucnosti jisté¢ dockame Sir§iho zavedeni téchto metod do praxe.

3.1.4 Metody dalkového prizkumu Zemé

Spolu s rozvojem technologii v oblasti primyslu se rozviji i jejich vyuziti v oblasti zemé-
délstvi, potazmo ovocnafstvi. Pokud se zaméfime na metody dalkového prizkumu Zemé
(DPZ), jak uz jejich souhrnny ndzev napovida, jedna se o metody, které ziskavaji data vzda-
len¢ bez ptimého kontaktu s hodnocenou vegetaci. Jedna se predev§im o obrazova data.
Jejich rozvoj v minulosti souvisel s vypusténim satelitti na obézné drahy Zemé a moznosti
vyuziti snimkii, které jsou schopny zaznamenat. V dnesni dob¢ se jiz nejedna pouze o snim-
ky satelitni, mezi metody DPZ jsou zahrnuty 1 dal$i platformy jako letadla ¢i bezpilotni
letouny, tzv. drony (anglicky UAV — Unmanned Aerial Vehicle). VSechny tyto platformy
jsou zasadni jako nosice senzort, které ziskavaji data. Tyto senzory pofizuji snimky za-
jmové lokality, které jsou pak zdkladnim vystupem téchto technologii. Oproti klasickym
staciondrnim senzortim, ¢i bodovym méfenim jsou metody DPZ vzdy schopny analyzovat
veétsi plochy v krat§im Casovém useku. V piipadé bodovych méteni lze takové efektivity
dosahnout pouze v ptipadé¢ modelovani a odhadu chovani rostlin v z4jmové oblasti.

3.1.4.1 Principy metod DPZ

Co se tyce senzorti a metod DPZ, které jsou vyuzivany pro hodnoceni kvality vegetace
a nejriznéjSich strest, setkavame se nejcastéji s vyuzivanim vegetacnich indext. Tyto in-
dexy jsou vlastn¢ matematické vzorce, které pracuji se ziskanymi snimky. Snimky jsou
vystupem nesenych zafizeni, kterd zaznamenavaji intenzitu odrazu slune¢niho zafeni ¢i
pfimo vyzafovani rtiznych povrchii (pasivni senzory), pfipadné zaznamenavaji odrazené
zateni, které samy tyto senzory vyzaiuji (aktivni senzory). V piipadé vegetace je vyuzivano
odrazu slune¢niho zafeni od povrcht predevsim v oblasti blizkého infracerveného zareni
(Near Infra Red — zkracené NIR). V této oblasti zafeni, kterd neni viditelna lidskym okem,
dochazi v bunécné struktute rostlin k ndsobnému odrazu dopadajiciho svétla a tim zesileny
signal je pak zachycen senzory. Z vyslednych snimk je ndsledn€ mozné odlisit drobné roz-
dily v odrazivosti, jejiz intenzita je zavisla na stavbé a kvalité rostlinnych bunék. Ziskana
data lze porovnat prave s vyuzitim vegetacnich indexd.

Jednim z velmi Casto vyuzivanych indexi je NDVI (Normalized Difference Vegetation
Index). Jeho uplatnéni v DPZ, potazmo preciznim zemédé@lstvi je velice Casté. Jedna se o index
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kombinujici ve svém vypoctu intenzity odrazeného zafeni v cervené (RED) a blizké infracer-
vené (NIR) ¢asti spektra.
(NIR — Red)

NDVI=—— <
(NIR + Red)

V priibéhu let byly nalezeny urcité nedostatky tohoto indexu pro aplikace v preciznim ze-
meédelstvi, a tak vznikly i dal$i indexy schopné analyzovat stav vegetace. Lze jmenovat
napiiklad NDRE, ktery vyuziva misto zateni v délkach NIR tzv. oblast Red edge, tedy z4-
feni mezi Cervenou a blizkou infracervenou €asti spektra, ptipadné GNDVI (Green NDVI),
ktery misto oblasti ¢erveného zateni pracuje se zelenou. Pro hodnoceni stresu suchem exis-
tuje také index NDWI — Normalized Difference Water Index. Pro vypocet tohoto indexu se
vyuziva zateni NIR a SWIR (kratkovinné infracervené zéateni; Short Wavelenght Infra Red)
a tento index ma i své dalsi modifikace.

(NIR — SWIR)

NDWI =
(NIR + SWIR)

Vysledkem jsou pro vSechny vegetacni indexy mapy v tzv. nepravych barvach, které v hod-
notach od 0 do 1 vyhodnocuji stav vegetace. Pro interpretaci takovych vysledki je vyuzito
zakladniho principu snizené odrazivosti stresované vegetace v porovnani s vegetaci v dob-
rém zdravotnim stavu. Tohoto fenoménu je vyuzivano také pro hodnoceni stresu, nelze
s jeho pomoci ale detailnéji urcit jeho pficinu. Ptiklad vypoctu a interpretace pro index
NDVI je uveden na obrazku 21.

Blizké infrac¢egrvené zareni NIR Blizké infracegvené zareni NIR
Viditelné ¢ervené zareni Viditelné éervené zareni

\ ‘ l \ ; l
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Zdrava vegetace Nezdrava vegetace

0.50-0.08 04-03

0.50+0.08 =0.72 NDVI= 0.4+03

=0.14

NDVI =

Obrazek 21. Schématické zndzornéni vysledkii hodnoceni vegetace indexem NDVI v pripadeé
zdravého porostu (vlevo) a stresovanéeho porostu (vpravo, zdroj: Wu a kol., 2014, upraveno)
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Snizeni odrazivosti slune¢niho zafeni od vegetace, tedy predevsim listi, je zpisobeno zmé-
nami v bunééné struktute listl. V piipadé ze vegetace trpi stresem, dochazi k degradaci
bunécnych struktur a chlorofylu, ¢imZ dochdzi k barevnym zméndm. Tyto zmény mohou
byt pozd¢ji viditelné 1 lidskym okem, ale kamery jsou ho diky moZnosti snimani Sir§iho
spektra vlnovych délek, nez jen okem viditelnych, mohou zaznamenat diive. Nicmén¢ se
v pfipad¢ degradace v bunéénych strukturach vzdy jedna o zménu oproti skute¢nému stavu
zpozdénou a nelze tedy tento postup doporucit pro odhad aktudlni zavlahové potieby. Je
mozné ale jeho vyuzitim odhalit plochy vice nachylné k vodnimu stresu a tim vytvofit zo-
naci pozemku pro efektivnéjsi zalivku. Borgono-Mondino a kol. (2022) nicméné prokazali
moznost vyuziti vegetacnich indexi pro odhad vodniho potencidlu kmene (midday stem
water potential). Tito autofi vyuZzivali snimky satelitu Sentinel 2 a vegeta¢ni indexy NDVI,
NDRE a modifikovany NDWI, jejichZ vysledky porovnéavali s bodovymi métenimi v sadu
marhaniku granatového (granatové jablko).

Pro monitoring stresu suchem a jeho vyuziti pro planovani zavlah pomoci metod DPZ je
tedy vhodné se spiSe zaméfit na jiné parametry, nez je odrazivost zéfeni. Je mozné vyuzit
termalni kamery a snimky, které maji vysokou citlivost a dokdzi hodnotit teploty povrchii
ve vztahu k aktualnim podminkdm ovzdusi (Obrazek 22). Pro tento typ dat byl vyvinut
index CWSI (Crop Water Stress Index), ktery je schopen v daném okamziku vyhodnotit
teplotu povrchu rostliny (T;) ve vztahu k okolni teploté vzduchu (T,). Zaroven do rovnice
vstupuji teploty dobfe zavlazované vegetace (T, — T;,)II, ktera netrpi stresem suchem (T),
nejvyssi hodnotu vysuSeného listu, ktery ma uzavien¢ priduchy (Tgy,). Oba tyto parametry
je mozné modelovat z namétenych teplot a dalSich aktudlnich parametri atmosféry dle Idsy
a kol. (1981), piipadné 1ze tyto povrchy uméle simulovat v porostu a méfit redlné hodnoty,
jak uvadi autoii Poblete-Echeverria a kol. (2017). Vzorec vypoctu tohoto indexu je uveden
niZe vetné jeho zjednodusSené verze, kterd je vyuzivana za predpokladu konstantni okolni
teploty.

(TC - Ta) - (Tc - Ta)II
(Tc - Ta)ul - (Tc - Ta)II
(Tc - Twet)
(Tdry - Twet)

CWSI =

CWSI =
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Obrazek 22. Termalni snimek sadu broskvoni v horkém letnim dni po jeho uprave. Zelena barva
na obrazku znaci nizsi teplotu, cervena vyssi. Jasné lze rozeznat vyssi teplotu povrchu rostlin
v nezavlazované casti (Cervené ohranicenda oblast 0% ET,), zatimco teplota plné zavlazované
(100% ET)) zelené oblasti a intenzivné zavlazované (150% ET,) modre vyznacené oblasti je niZsi.
Obdobné snimky jsou vyuzivany pro vypocet CWSI (zdroj: Katz a kol., 2022, upraveno).

I presto, Ze byl index CWSI vyvinut a je vyuZivan pro odhad vodniho reZimu rostlin, ani
on nepiedstavuje stoprocentné nejspolehlivéjsi metodu odhadu zavlahové potieby a miry
stresu suchem rostlin. I v ptipad¢ tohoto indexu tedy vyvoj postupuje neustéale kuptedu a pro
jeho zptesnovani jsou modelovany nové vztahy, které¢ kombinuji tepelné a multispektralni
analyzy. Ty budou moci lépe zaznamenavat skute¢nou miru transpirace korun. Aktualné je
pro modelovani potfeby zavlahy rostlin mozné tento index vyuzit idealn¢ v kombinaci s dal-
Simi parametry namé&fenymi ¢i dopocitanymi pro danou lokalitu a zavlahovou oblast (zonu),
jako je naptiklad vodni potencial popisovany autory Katz a kolektiv (2022). Autoti Poblete-
-Echeverria a kol. (2017), zabyvajici se vodnim rezimem rostlin a jeho hodnocenim pomoci
metod DPZ také prokazali korelace CWSI naptiklad s vodnim potencidlem kmene. Lze ho

tedy vyuzit i pro odhad téchto veli€in, které jsou dale vyuzity pro predikci potieby zavlahy.
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3.1.4.2 Porovnani metod DPZ

Planovani zavlahového rezimu pomoci metod DPZ neni zcela bézné. Jelikoz je pro odhad
potieby zavlahy nutné ziskévat data co nejvice odpovidajici skute¢nému stavu, je nutné
snimky pofizovat v co nejkrat§im pravidelném intervalu. To je také jedno z potencidlnich
omezeni, pro¢ nelze plné vyuzit satelitni snimky. Ty totiz snimaji stejnou lokalitu na Zemi
v intervalu zavisejicim na vySce satelitu na obézné draze, ¢imz se urcuje jejich frekvence
snimkovani stejné lokality. BéZn¢ se tento interval pohybuje v rozmezi 4-10 dnd. V ptipadé
Spatné meteorologické situace, prfedevsim pii vyskytu oblacnosti pak muze dojit ke zne-
hodnoceni snimku, kdy oblacnost ¢astecné Ci zcela zakryje zajmovou oblast a snimek nelze
v tento den vyuzit pro analyzy. Z hlediska vyvoje vegetace a riznych péstebnich regionti se
pak mlze potfeba vyhodnocovani lisit jak v pribehu sezony, tak 1 mezi jednotlivymi loka-
litami ¢i regiony. Vhodnou variantou pro pravidelné ptelety je snimkovani s pomoci letadel
¢i dronll. Zejména drony, nebo také bezpilotni letouny, se pro svou relativné jednoduchou
obsluhu a schopnost pofizovat snimky ve vysokém rozliSeni dostaly do popiedi v oblasti
vyuziti metod DPZ v preciznim zemé&délstvi. To je v ovocnaistvi zasadni vzhledem k systé-
muim péstovani ovocnych dfevin v modernich tvarech Stihlych vieten pfedevsim u jabloni.
Vys$s§i rozliSeni umoziuje postihnout co nejvétsi Cast koruny stromu a ziskané vysledky tak
1ze povazovat za relevantni. Pro své nedostatené rozliSeni v fadech az desitek metri je totiz
pro vyuZiti v ovocnafstvi vétSina volné dostupnych satelitnich snimkd nevhodna. Piesné;jsi
druzZicové snimky jsou ve vétSing piipadli poskytovany za uplatu soukromymi spole¢nost-
mi. Pfesto jejich rozliSeni nedosahuje takovych piesnosti jako rozliSeni snimkt z letadel ¢i
dron.

Pro hodnoceni pomoci vegeta¢nich indexti jsou dulezité také parametry senzoru, ktery
je nesen danou platformou a ziskava data. Znamend to mimo jeho prostorového rozlise-
ni predevS§im spektralni rozliSeni, které udava, v jakych pasmech a s jakym rozsahem je
schopen zachytavat odrazené ¢i vyzafované zateni. V zésad¢ rozliSujeme 3 typy senzord.
Nejjednodussi z nich, panchromatické nebo také monochromatické, snimaji vzdy pou-
ze jedno $ir$i pasmo vinovych délek. Snimek se pak jevi cernobile. Kombinaci nékolika
spekter v¢etné spektra infracerveného pak snimaji kamery multispektralni a hyperspektral-
ni. Z téchto kamer jiz mizeme ziskdvat jak snimky panchromatické v jednom pasmu, tak
1 snimky kombinujici n€kolik padsem, které uz vytvaii barevné snimky (mapy) kombinaci
spekter. V piipad¢ kamer multispektralnich jsou snimanéa pasma Siroka v rozsahu nékolika
desitek nanometrli, zatimco pasma hyperspektralni kamery jsou velmi uzka a ve vysledku
tvofi vlastn€ kontinualni kiivku odrazivosti pro dany povrch. V ptipadé hodnoceni vodniho
deficitu pomoci CWSI jsou vyuzivany senzory termalni, u nichz je dilezité, aby byly do-
statecné citlivé pro rozeznadni jemnych teplotnich rozdilii. Zaroven je pro jejich praktické
vyuziti tieba brat v potaz i aktualni meteorologickou pfedpovéd’ a aktudlni parametry pro-
stfedi, jako je teplota vzduchu, vlhkost apod.

3.1.4.3 Provozni vyuZiti metod DPZ pro stanoveni potieby zavlahy

Jak jiz bylo zminéno, metody DPZ jsou schopny snimat velké plochy v relativné kratkém
casovém intervalu. To tyto metody predurcuje k jejich vyuZiti 1 pro vétsi péstitelské plochy.
Vzhledem k vysokym pofizovacim nakladim nosici, senzorll, potiebé znalosti v oblasti
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zpracovani snimki a praci se specializovanymi softwary a specializovanym opravnénim pro
mou sluzby od specializovanych firem a odborniki. Tento zplisob ziskédvani dat se ale mize
pfi splnéni podminky co nejcastéjSich a v pravidelnych intervalech provadénych preleth stat
velmi nédkladnym a ¢asové narocnym vzhledem k nutnosti zpracovani digitalnich snimka,
jejich vyhodnoceni a vyuziti v praxi. Proto jsou v oblasti zavlah metody DPZ Castéji vyuzi-
vany pro vytvotfeni ur¢ité zonace pozemkil na zéklad¢ parametri zajmové lokality.

Vytvoieni zonace pozemku znamend, Ze informaci ziskanou jednou z metod DPZ vyuzi-
jeme k rozdé¢leni pozemku na mensi celky, které jsou si podobné svymi vlastnostmi a lze
je povazovat za homogenni. Dllezitou roli v tomto ohledu hraje jak velikost pozemku, tak
jeho orientace ke svétovym stranam, topografie, ptidni podminky, péstovany druh apod. Pro
tyto Ucely je pak vhodné vyuzit nejen vegetacnich indexd, termalnich snimkd, analyz pad
apod. ale také praktickych zkuSenosti péstitele. Vhodné je zonaci provadét také na zaklade
historickych dat, kterd mohou lépe napovédét o charakteristikach lokality. K tomu lze opét
vyuzit data ziskana metodami DPZ. Pravidelnym snimkovanim je mozné ziskavat soubor
dat s cennymi informacemi vytvarejicimi Casovou fadu, ke kterym se 1ze dle potfeby vracet
a hodnotit zpétn¢ provedené zasahy. Analyzy historickych dat také umoziuji 1épe odhalit
urcité trendy, které mohou byt v ramci hodnoceni pouze jednotlivych ro¢nikt skryty. Zonaci
pozemkil je vhodné aplikovat nejen pii vyuzivani metod DPZ, ale 1 v ptipadé dalSich metod
hodnoceni zavlahové potieby péstovanych rostlin.

Pii vyhodnocovani dat ziskanych vypocty vegetacnich indexi je tieba mit na paméti sku-
teCnost, Ze v rtiznych terminech mohou byt ovlivnéna aktudlni meteorologickou situaci.
Jejich vysledek mize byt taktéz ovlivnén riznymi fenologickymi fdzemi a genotypy rostlin.
Zminéné parametry je tfeba brat v potaz piredevSim pii porovnavani jednotlivych terminii
hodnoceni, aby byla zaru¢ena urcita standardizace. Vysledky totiZ mohou byt ovlivnény jak
stavem atmosféry, naptiklad vyskytem obla¢nosti, mnozstvim ¢éstic rozptylenych v ovzdusi
apod., ale samoziejmé 1 samotny vodni rezim rostlin je ovliviiovan aktudlni meteorologic-
kou situaci. Pfi zohlednéni téchto vstupt se 1ze skute¢né co nejvice priblizit mnozstvi vody,
které rostlina potfebuje doplnit a maximalné tak zefektivnit vyuziti zavlahové davky na jed-
notku produkce. Zaroven je pak mozné vytvaret datové fady hodnoceni vodniho rezimu
rostlin a ty spravné interpretovat.

3.2 Stanoveni zavlahové davky

Zavlahova davka predstavuje jednorazové mnozstvi vody potiebné pro dostatecné zavlazeni
ovocnych dievin ve vysadbé. Jeji objem se odviji od jiz popsané kapacity ptudy pro zadrzo-
vani vlahy, resp. od dosazeného vldhového deficitu na pozemku, hloubky a tvaru kotenové
soustavy a zavlahového detailu. Vzhledem k pomérné podrobnému popisu prvnich dvou
podminek v kapitolach 3.1.1 a 3.1.2 se v této kapitole zamétujeme na charakteristiku kote-
nové soustavy a vlivu zavlahového detailu.
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3.2.1 Korenova soustava ovocnych dfevin

Celkové mnoZzstvi vody dostupné pro rostliny, véetné ovocnych dievin, zavisi krom¢ hydro-
-pedologickych znakti, na hloubce kotenti a jejich horizontalniho rozsahu. Vyzkum kotenil
se zabyva fadou detailnich morfologickych a fyziologickych znaki kotent, charakterem
vétveni kotentl, celkovou geometrii a topologii kofenového systému, které ve vétsi €1 mensi
mife ovliviiuji pfijem vody a zivin. Z hlediska rozlozeni kotenti ve vztahu k piijmu vody
muzeme situaci zjednodusit tak, ze ovocné stromy jsou schopny odCerpavat vodu z celé
kotenové zony, tj. objemu pidy, kde se vyskytuji koteny.

Velikost kofenového systému ovocnych stromill zavisi na mnoha faktorech. Z téch nejvy-
znamnéjSich jsou to druh a stafi ovocnych dievin, typ pouzité podnoze a dané¢ vladhové
a pudni podminky. Obecné lze fici, ze ovocné stromy mohou mit intenzivni rist kotfeni
do stran i do hloubky, ale hlavni ¢ast kofenové hmoty je soustfedéna v Grodnéjsi vrchni
vrstvé pudy. Na obrazku 23 jsou uvedeny udaje o maximalni hloubce kofenli vybranych
ovocnych druht, které jsou jednotlivé druhy schopny za vhodnych podminek dosédhnout.
Pro pfijem vody a Zivin je vSak dilezitéjsi ¢ast pidy, kde se vyskytuje hlavni ¢ast kofenové
hmoty. Z uvedenych hodnot je patrné, Ze v priméru hloubéji pod povrchem pudy je soustie-
déna hlavni ¢ast kofenové hmoty u hrusni a merun¢k.

B ¢ I *»>* @ n
' R tresné, - Y malinik, *
jabloné hrusné slivoné meruniky rybiz jahody
0,0
0,5 H I
1,0
1,5
oblast s mensi hustotou kofen( M hlavni ¢ast kofenové hmoty
3 4 2,5 4 1,5 0,6
Maximalni hloubka (m)

Obrazek 23. Maximalni hloubka a soustredeni hlavni casti korenové hmoty v piidnim profilu
u vybranych druhii ovocnych drevin (Blazek a kol. 1998, upraveno dle vlastnich mereni
autorti publikace)

Praktické ukazka rozlozeni kotfenové soustavy u tii ovocnych druhti je uvedena na obrazku

24. Z obrazku, 1 pres urcity rozdil ve v€ku vysadeb, je patrné, ze koteny jednotlivych druhii
maji rozdilné rozlozeni v pidnim profilu. Na zajmovych lokalitach uvedené druhy peckovin
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tvoii hlubsi a bohatsi kofenovy systém v porovnani s jablonémi v intenzivnich vysadbéch.
Je tfeba pfipomenout, Ze rust kofent je obvykle také zavisly na pidnich a klimatickych
podminkach a managementu vysadeb.

cm/cm?

6 ——tfesné

T

—o— merunky

—*—jabloné

O R, N W b U

JNP

0-20 20-40 40-60 60-80  80-100 100-120

Hloubka vrstev ptdniho profilu (cm)

Obrazek 24. Hustota korenit ve vrstvach pudniho profilu u tresni (‘Sweet Early’/Gisela 5, stari
14 let), merunék (‘Bergarouge’/Wawit, stari 13 let) a jabloni (‘Red Jonaprince’/M9, stari 9 let)

Z hlediska podnoze byva mohutnéjsi a hlubsi kofenovy systém u generativné mnoZzenych
(semennych) podnozi nez u podnozi mnoZenych vegetativné. Ale 1 v ramci vegetativnich
podnozi je predpoklad vétsich rozdila. V tabulce 1 je uvedena hustota kofent v hlubsich
vrstvach pidy u jabloni odridy ‘Jonagold’ a hrusni ‘Williams’, které byly péstovany ve stej-
ném sadu, ale na podnoZich s riiznou intenzitou ristu. Stromy s podnoZemi zakrslejSiho
rastu vykazovaly ve stejnych vrstvach ptidniho profilu nizsi hodnoty hustoty kotent.

Tabulka 1. Hustota korenii jabloné odridy ‘Jonagold’a hrusné ‘Williams’, péstované na riiznych
podnozich, v hlubokych vrstvach piidniho profilu (cm/cm-3)

Jablon vrstva pidy 40-60 cm 60-80cm 80-100cm  100-120cm
Jonagold - J-TE-G (zakrsly rtst) 0,34 0,23 0,20 0,21
Jonagold - J-TE-H 0,96 0,72 0,42 0,35
HrusSen vrstva pidy 80-100cm = 100-120cm = 120-140cm = 140-160cm
Williams - S1 (zakrsly rst) 0,34 0,16 0,27

Williams - PS 0,73 0,41 0,37 0,20

Z ptdnich podminek ma podobné jako u polnich plodin negativni vliv na kofenovy systém
pudni Ginava, utuzeni piidy, kamenité podlozi nebo tézka, jilovitd plida. Nevhodné je 1 zamo-
kteni nebo nadbytek soli a sucho.
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Na obrazku 25 je na ptikladu jabloni vidét, ze tinava plidy miZe nepiiznivé ovliviiovat
hloubku prokofenéni a tim 1 rozsah aktivni ¢asti kotene. Odlisnd mocnost trodnéjsiho, hu-
mo&zniho pltidniho horizontu (v rdmci jednoho sadu) méla za nésledek vyssi hustotu kotfent
jsou Casto pudni podminky odlisné ve svrchnich a spodnich partiich sadu (rozdilna zrnitost),
coz miiZze mit za nasledek potiebu odlisnych vstupnich parametri pro nastaveni zavlahy.
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; 15 —o— Projevy Unavy ; ! —o—HumOozni
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Obrazek 25. Hustota korenu A) jabloni v zavislosti na projevu unavy pudy a B) merunék v piidnich
vrstvach s odlisnym humoznim horizontem (do 85 cm nebo do 40cm)

Rychlost a efektivita cerpani vody z urcité vrstvy ptdy nebo vzdalenosti od kmene zavisi
hlavné na hustoté kotfentll. U polnich plodin se udava, Ze pti primérné hustoté kotend pod
1,0 nebo 0,5 cm/cm3 je jiz vyuziti vody a zZivin z dané vrstvy obtizné. V téchto ptipadech
je vzdalenost mezi jednotlivymi koteny piili§ velka, jejich rozlozeni nerovnhomérné a voda
musi putovat delsi vzdalenost. Pohyb vody ke kofenlim zavisi na piidnim druhu. V tomto
sméru stfedni hlinité ptdy poskytuji lepsi podminky nez pisCité, kamenité nebo jilovité
pudy. Dilezitym piedpokladem je také dostate¢na piidni vlhkost v rozsahu volné dostupné
¢asti vyuZzitelné vodni kapacity, kterd umoznuje volny kapilarni tok vody difuzi smérem
ke kofentim. Pfitok z mimokofenové zony miize byt vyznamny na mistech s vys$si hladinou
spodni vody.

Hloubka, ze které jsou schopny koteny bez velkého omezeni vyuzivat vétsSinu Zivin a vody je
oznacovana terminem efektivni hloubka kotenti. V podminkach mirného klimatu, na béznych
hlinitych ptidach, se u jabloni udava hloubka 0,4 az 0,8 m nebo az 1 m, podle faze vyvoje.
CSN 75 0434 (2017) udava maximalni u¢innou hloubku navlazeni (odvozenou z efektivni
hloubky kotentll) u dospélych ovocnych stroml v rozsahu mezi 0,7 a 0,9m. To je ale pouze
orienta¢ni hodnota, kterd si vyZaduje uptesnéni podle staii stromu, hloubky ptidy a podminek
pro riist kofentl. Se stafim stromt se zvétSuje koruna stromu i rozsah kofenové zony.

Na obrazku 26 a 27 je znazornéno porovnani hustoty a hloubky kofenti jabloni a merun¢k
u mladsich vysadeb v pocatku vyznamnéjsi produkce plodi a starSich, plné€ plodnych vysa-
deb. Pokud bychom si stanovili jako hranici pro efektivni pfijem vody a zivin hodnotu hustoty
kotenti 0,5 cm/cm3 (naznacena ¢erna piimka v obrazcich), tak u jabloni by u starsi vysadby
byla mozna hloubka navlazeni do 0,6 m a jest¢ 0,6 m od kmene stromu. U mladsi vysadby by
efektivni navlazeni mélo byt do hloubky 0,4m a do kratsi vzdalenosti od kmene stromu.
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U vysadby merunék by u starsi vysadby byla teoreticky efektivni hloubka navlazeni do hloub-
ky ptidy 1 m, u mladsi vysadby do 0,8 m. Navlazeni z hlediska vzdalenosti od kmene stromu
se jevi u merunck pro star$i 1 mladsi vysadbu jako efektivni do stejné vzdalenosti od kmene.

Sledované mladsi vysadby mély obdobné pidné klimatické podminky a zptisob péstovani,
jako star$i vysadby. Nachdzely se vZdy nedaleko od sebe.

cm/em® cm/em®

2 v 2> M starsi vysadba

2,0 M starsi vysadba 2,0

1,5 v 1,5 M mladsi vysadba
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Hloubka vrstev pddniho profilu Vzdélenost od kmene stromu

Obrdazek 26. Porovnani hustoty délky korenii jabloni u mladsi vysadby (‘Breaburn /M9, stari
3 roky) a starsi vysadby (‘Red Jonaprince /M9, stari 9 let) ve vrstvach pudniho profilu a v riiznych
vzdalenostech od kmene stromu
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Obrazek 27. Porovnani hustoty délky korenii merunék u mladsi vysadby (‘Koolgat’/Wawit, stari
3 roky) a starsi vysadby (‘Bergarouge’/Wawit, stari 13 let) ve vrstvach pudniho profilu a v riiznych
vzdalenostech od kmene stromu

U ovocnych dievin na rozdil od husté setych polnich plodin je dilezity i horizontalni rozsah
kotent, tzn. do jaké vzdalenosti zasahuji kofeny od kmene stromu, z hlediska optimélniho
mista aplikace vody a zivin. V ptipad¢, ze melké koteny dosahuji dale do mezitadi, mtize
n¢kdy dochézet k jejich poSkozeni projizdéjici mechanizaci a v tomto prostoru také dochézi
ke konkurenci stavajiciho porostu (travy, kryci a pomocné druhy) a ovocné vysadby o vodu.
Na obrazku 28 je uvedena hustota kofent jabloni a merunék ve vrstvach ptadniho profilu
a v riznych vzdélenostech od kmene stromu. U obou vysadeb tvofi podil kotenil v blizkosti
kmene stromu zhruba 50 %, ve vétsi vzdalenosti 30 % a ve vzdalenosti, ktera se nachazi
uprostfed mezi sousednimi dvéma stromy, zbyvajicich 20 %. Bylo také zjisténo, ze hustota
kofenti smérem do travnatého mezifadi vykazovala v priméru o 15-25 % mensi hustotu
kotfentl, neZ v fad¢ mezi jednotlivymi stromy v disledku konkurence kofenového systému
ovocnych stromt a kofenti porostu v mezifadi.
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Odlisna je ale distribuce kotent z hlediska ptidnich vrstev. U sledované vysadby jabloni
byla nejvétsi hustota kotentl v horni 20 cm vrstvé plidy (cca 50 % z celého plidniho profilu).
U vysadby merunék byla nejvétsi hustota kotent ve vrstvé pidy 20 az 40 cm, a pfedstavo-
vala zhruba tfetinu z celého ptidniho profilu.

cm/em’ Jabloné cm/em’ Meruriky
3,5 ‘ 3,5 —o—u kmene
—*—u kmene

30 30 —*—50 cm od kmene
2,5 —o—30 cm od kmene 2,5

2,0 2,0 85 cm od kmene
1,5 60 cm od kmene 1,5

1,0 1,0

0,5 0,5

0,0 0,0

0-20 20-40 40-60 60-80 80-100 0-20 20-40 40-60 60-80 80-100  100-120
hloubka vrstev ptdniho profilu (cm) hloubka vrstev ptdniho profilu (cm)

Obrazek 28. Hustota korenu jabloni a merunék ve vrstvach pudniho profilu a riiznych
vzdalenostech od kmene stromu

3.2.1.1 Urceni rozsahu korenit v provoznich podminkdch

V provoznich podminkach je mozné i bez specialniho vybaveni urcit rozsah kotenti 1 hustotu
kotenii v razné hloubce nebo vzdalenosti od kmene. Nejjednodussi je tzv. profilova meto-
da, ktera byla Casto pouzita pravé pii vyzkumu kotfent ovocnych dfevin, révy nebo chmele
autory Stfeda a kolektiv (2017). Na sténé vykopu lze pozorovat jednotlivé koteny v jejich
pfirozené pozici v pidé. Vytvorenim vykopu, podél fady stromi 1 kolmo na ni, v riizné vzda-
lenosti od kmene, ziskame dobry obrdzek o rozlozeni a hustoté kofend. Sténu fezu je mozné
uhladit nozem ¢i Spachtli, u tézSich ptd jsou kotfeny lépe vidét po pifirozeném odlomeni
povrchové vrstvy fezu. U lehCich ptd lze pomoci vodniho proudu nebo tlakem vzduchu
odstranit nékolik milimetrii ptidy pro lepsi pozorovani kofenti. Hodnoceni kofenového sys-
tému spociva v zaznamendni poctu a pozice kotenti ve sténé piidy pomoci vzorkovaci miize
nebo se pozice kotfenli zakresli na prihlednou polyetylenovou f6lii pro naslednou analyzu.
Nejjednodussi je prilozeni ¢tvercové sité (napiiklad s velikosti ok 10 x 10 cm) na sténu,
a polohu kazdého kofenu zaznamenat na milimetrovy papir jako teCku o rizném priméru
v zavislosti na priméru odkrytych kotenti (Obrazek 29). U ovocnych stromii z hlediska
hloubky kotent pro zavlahu dostacuje vykop do 100—120 cm, aby byl piistup ke kofenlim
do cca 80 cm. Na stén¢ vykopu jsou také dobie patrné ptipadné piekazky pro rast kotfenil
a rozlozeni kotenil, utuzené podorni¢i nebo mezivrstvy Stérku nebo jilu, které brani ristu
kofentl i pfirozenému pohybu vody v ptdnim profilu.

Koteny ovocnych stromt 1ze dobte odlisit od jinych druhd, maji hnédou barvu a odliSnou
strukturu ve srovnani s kofeny pleveld nebo trav aj. druhii. Kofeny rychle rostoucich jedno-
letych plevelti nebo travin jsou svétlé a jemné, nedosahuji do hlubokych vrstev, které jsou
z hlediska pozorovani kofenli ovocnych stromu diilezitéjsi. 1 pfesto je vhodné si pro hod-
noceni hustoty kofent ovocnych dievin vybrat ¢isté misto, pfipadné na planovaném misté
odstranit s piedstihem rostouci plevele.
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Obrazek 29. Ram s ctvercovou siti ve vykopu a grafické zndzornéni poctu korentii jabloné v riizné
hloubce a vzdalenosti od kmene. Modre jsou oznacena mista s vystupujicimi hlavnimi koreny

3.2.1.2 Stanoveni délky a hustoty koienii

Pro detailnéjsi monitoring hustoty kotentl je nutné odebrat urcity objem ptidy ze stény vykopu
nebo pidnim vrtakem (naptiklad sondyrka pouZivana pro odbér piidnich vzorki na agroche-
mickou analyzu; Obrazek 30). Piida se pak nésledné rozplavi ponechanim nékolik hodin
v roztoku bézné krystalické sody, rozplaveni urychluje pouziti teplé vody a rozmélnéni hrud
pudy. Jednodussi je analyzovat mensi objemy pudy (max. 0,5-1 kg). Po rozplaveni pldy se
koteny vyplavuji mirnym proudem vody, k zachyceni je tfeba pouZit sito s malou velikosti ok
(1-2 mm). Celkova délka kotenti ve vzorku se stanovi bud’ ptimym métenim, nebo (u velké-
ho poctu tencich, vétvenych kotentl a jejich zlomkil) pomoci metody odpoctu kiiZeni kofeni
se ¢tvercovou siti podle Tennanta (1975). Pro ¢tvercovou sit’ s velikosti ok 1 x 1cm je celko-
vé délka kotenll v daném vzorku (v cm) ziskéna takto: primérny pocet kiizeni rovnomérné
rozlozenych kotenti s vertikdlnimi a horizontalnimi liniemi u pouzité sité se vynéasobi koefici-
entem 1,57 (Obrazek 31). Pocitaji se pouze ziveé koteny, které jsou vétSinou dobte rozlisitelné
od starych (polo)rozlozenych kotenti nebo jinych organickych zbytkd.

Pro zjednoduseni a ziskani okamzitych informaci o pfitomnosti kofenti v dané vrstvé pady
je mozné stanovit jen susinu kofent ve vzorku a tu nasledné pfepocitat na jednotku objemu

pudy.

Obrazek 30. Odbér vzorkii piidy s koreny pudnim vrtakem (sondyrkou) v riiznych
vzdalenostech od kmene stromu
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Obrazek 31. Koreny ovocnych stromii na ctvercove siti s velikosti ok 1 x I cm.

3.2.1.3 Prusak vody, vyplaveni minerdlnich Zivin

Hodnota PVK indikuje soucasn¢ hranici, pii jejimz ptekroCeni dochdzi k prisaku vody
do hlubsich vrstev a pfipadné z dosahu kotfentl. Intenzita doplitkové zévlahy je podle
CSN 75 0434 (2017) po¢itana tak, aby k prisaku nedoslo. To zaru¢uje vysokou efektivitu
vyuziti zavlahové vody. S ptili§ velkym mnozstvim vody protékajicim ptidou totiz dochézi
k vyplavovani zivin, zvlasté nitratového dusiku, K, Ca a Mg. V piipad¢ ovocnych vysadeb
je riziko vyplaveni nitrati niz8i neZ u polnich plodin a zelenin, proto zatim neni aplikace
N hnojiv v ramci opatieni Nitratové smérnice limitovana, jako je tomu u ostatnich kultur
v oblastech zranitelnych dusi¢nany. Piesto 1ze u intenzivnich mladsich vysadeb zaznamenat
na podzim i obsahy N-NOj pies 100 kg/ha a racionalni davky zavlahové vody tak Setii nejen
vodu, ale snizuji 1 riziko vyplaveni mineralnich zivin.

3.2.2 Vliv zavlahového detailu na stanoveni vhodné zavlahové davky

Jak uZ bylo naznaceno v pfedchazejicich kapitolach této metodiky, cilem zavlahy je pokryt
potieby vlahy ovocnych dievin. Toho 1ze obecné dosahnout za piedpokladu rovnomérného
pokryti kofenové zony provlazenim. Celkova dévka zavlahy by pfitom neméla presahovat
stanovenou hloubku aktivni ¢asti kofenové zony. Dllezité je vSak vnimat i prostorové roz-
lozeni kotfenového systému. Abychom byly schopni tyto pozadavky pokryt, je nezbytné
mit spravné nastavené technické provedeni zavlahy, tedy i tzv. zavlahovy detail. Ten nam
udéava polohu zavlahové hadice 1 hustotu a pritok kapkovaci, které nam nasledné urcuji,
jak velkou ¢ast kotfene jsme schopni provlazit. Tedy jak dobfe jsme schopni naplnit potieby
péstovanych ovocnych dievin.

Priklad:

Pii bézné davce zavlahy odpovidajici dvéma hodinam aplikace s kapkovaci o vydatnosti
2,3 L.h-! je celkova aplikovana davka vody na pidu rovna 4,5-4,6 mm. Z pohledu hloubky
provlhceni tato davka odpovidé v prostoru zavlazené pudy piiblizné¢ 18 mm srazkové vody.
Pii uvedené¢ davce v piipadé stiedné tézkych ptid dochazi pti priblizn¢ 70% nasyceni pidni
VVK k provlhéeni pidy do hloubky 40-60cm a do ptiblizné stejné Sitky (Obrazek 32).
Za uvedenych podminek by se tedy takové zavlazeni na pribéhu plidni vlhkosti mélo
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projevit nasledovné. V' hloubce 30 cm obsahujici napt. u jabloni vétSinu aktivnich kofent
by vlhkost piidy méla stoupnout k hranici polni vodni kapacity. Na druhou stranu v hloubce
60—80 cm, ktera je podle zkuSenosti hrani¢ni pro vyskyt aktivnich kofent jabloni, by se vlh-
kost ptidy méla zvednout pouze ¢astecné.

Nicméné, jak je patrné z obrazku 33 A, pii klasické Sitce fadku 1 m a vzdalenosti kapkova-
¢t 1 m se timto zptisobem celkové provlh¢i pouze Ctvrtina az neceld tietina objemu pidy
potencialné obsahujiciho kofeny ovocnych dievin. Pti dosaZeni urcité intenzity atmosféric-
kého sucha pak tento systém zejména u jadrovin vede k rozvoji intenzivniho stresu suchem
tlumicim intenzitu ristu plodi. Déje se tak do zna¢né miry nezévisle na mnozstvi dodané
vody. Pii snaze doplnit vétS§i mnozstvi vody rostlindm tato obvykle protékd do hlubsich
vrstev pidy mimo dosah kotfenti ovocnych drevin ze vSemi diisledky pro efektivitu a ekono-
miku managementu vysadby.

Naproti tomu pii stejné davce vody s vyssi hustotou kapkovaci po 0,5m dochazi k jeji-
mu rovnomérnéj$imu rozlozeni v rdmeci prokotfenéné ¢asti piidy a k propojeni zavlazovanych
profild z jednotlivych kapkovach (Obrazek 33B). Prakticky to umoziiuje doplnit ke kotfentim
dvojnasobné mnozstvi vody bez rizika ptekroceni optimalni hloubky provlazeni. Tento zpi-
sob vede k provlhéeni az cca 50-60% pudy v ptikmenném pasu, tedy vétSiny prokotrenéné
¢asti pidniho profilu, a tim 1 k celkovému zvysSeni odolnosti péstované kultury k suchu.

Pokud zminéné skutecnosti vyjadiime Ciseln€, zatimco davka vody 9 mm pii hustoté kapko-
vaci 0,5 m predstavuje pro hloubku zavlazeni ptiblizné srazku v thrnu 18 mm v provlhcené
casti pudy, pti vzdalenosti kapkovacich otvorti 1 m je tato hodnota prakticky dvojnasobna
a odpovida az 36 mm vody. Takovéto mnozstvi vody zpiisobi vyznamné piekroceni optimal-
ni zavlahové hloubky.

Bt i Nl

Obrazek 32. Zobrazeni piidniho profilu a provihceni korenové zony vodou smichanou
s potravinarskym barvivem. Bilé jmenovky na povrchu piidy oznacuji rozmisténi kapkovacit.
Spodni Fada jmenovek oznacuje hloubku piidy ve 30cm, jak je patrné s prilozené trasirky.
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Obrazek 33. Schématické znazornéni rozlozeni zavlahy v ramci prokorenéného horizontu pudy pri
poucziti zavlahove hadice s rozteci kapkovacit A) Im a B) 0,5m.

3.3 Strategie zavlazovani v ovocnych sadech

Strategie zavlazovani predstavuje vedle stanoveni potieby a vypoctu davky pro zavlazovani
treti dilleZitou ¢ast managementu zavlah ovocnych dievin. Jedna se prakticky o zplisob na-
staveni zavlahového rezimu ve vysadbach v priibéhu celé vegetacni sezony. To se obvykle
provadi v zavislosti na vyvoji meteorologickych podminek a péstovaném druhu plodiny, kdy
je reflektovana potieba vody ovocnych dievin v priibéhu vegetacni sezony. Jejim zohled-
nénim je mozné vedle klasické strategie poskytujici doplnéni plné potieby rostlin vyuzivat
také tzv. deficitni strategie pro zavlahu. Jejich smyslem je doplnéni mensiho mnozstvi vody
pomoci zavlahy, nez které se v ramci vodni bilance s pozemku odpaii a tim dosdhnout
dalsi uspory vody a zvyseni efektivity zavlahy za soucasného zachovani objemu a kvality
produkce ovoce. Deficitni strategie 1ze obecné rozdélit na zakladé ¢asové nebo prostorové
implementace vodniho deficitu na tzv. fizenou deficitni zévlahu a zavlahu parcidlni ¢asti
kotenového systému.

3.3.1 Rizena deficitni zavlaha

Rizen4 deficitni zavlaha (RDZ), v zahrani¢i také znama jako ,regulated deficit irrigation®
nebo ,,stage-based deficit irrigation®, je zalozena na asové promenlivosti v fizeni davek vody
ovocnym dievindm v zavislosti na jejich vyvojové fazi. Rostliny jsou tedy v prib¢hu vegetac-
ni sezony zalévany odliSnymi davkami vody vyplyvajicimi z jejich aktualnich potieb.

3.3.1.1 Principy zdvlahové strategie RDZ

Princip této strategie spoCiva v rozli€né citlivosti ovocnych druhli na dostupnost vody
v jednotlivych vyvojovych fazich jejich ristu v pribéhu vegetacni sezony. Tato citlivost
se piitom posuzuje vzhledem k planovanému vynosu plodiny, v nasem piipad¢ k objemu
a kvalité produkce ovoce, které¢ by nemély byt negativné ovlivnény. K tspéSnému vyuzi-
ti této strategie je nutné definovat kritickd fenologickad obdobi ristu a zarovent podminky,
za kterych je plodinu mozné vystavit vodnimu deficitu. Vyvoj ovocného stromu v pribéhu
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vegetacni sezony mizeme rozdé€lit na 5 obdobi zobrazenych na obrazku 34. Zde je pro pii-
klad zobrazena jako modelova rostlina jablon. V textu je v§ak uvedeno srovnani potieb pro
dostupnou vladhu 1 pro dalsi ovocné druhy.

I. obdobi — zacina rasenim pupenti. Zatimco u jadrovin se soucasné s kvéty vyviji 1 prvni
listova plocha z listovych rizic smiSenych pupenti, u peckovin se v tomto obdobi vyviji
pouze kvéty a ukonceno je jejich kvetenim. V tomto obdobi ovocné dieviny vyzaduji ne-
omezeny piisun vladhy. Divodem je potieba zajisténi bezproblémového opyleni, oplozeni
a dostatecného rozvoje prvni listové plochy, kterd bude v pozdéjsi fazi vyvoje slouzit pro
vyzivu mladych pladkd. Nicmén¢ listova plocha v I. obdobi je jesté¢ pomérné mala a ptada
v podminkach stfedni Evropy obvykle obsahuje dostatek vlahy po zimé. Dochazi k nizké
urovni vyparu, a pokud nenastane extrémné teplé a suché pocasi zavlaha neni nezbytna.

> 1 -
z S
-
90 0.8
< 0,6
3
I
o 0)4
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a |
0 30 60 90 120 150 180
Pocet dni od raseni
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[==] Vyvoj ristu dlouhych letorostti [l Ukonéeni 2. faze rastu plodd
[==] Vyvoj rstu plodd Il Ukonéeni 3. faze rlstu plodi

Obrazek 34. Pribeh vyvoje vegetativnich a generativnich organii jabloni béhem vegetacni sezony
Vegetacni obdobi jabloni s pohledu citlivosti k vodnimu deficitu:

1. obdobi — raseni, riist prvni listové plochy, kveteni (BBCH 10—65)

1. obdobi — rist kratkych letorostii a 1. faze rustu plodit (BBCH 67-72)

1. obdobi — riist dlouhych letorostii a 2. faze rustu plodiu (BBCH 72—-77)

1V. obdobi — ukonceni vegetativniho ristu a 3. faze rustu plodi, sklizen (BBCH 77=91-87)

V. obdobi — poskliziiové obdobi, opad listii, pocatek dormance (BBCH 87-95)

I1. obdobi — nastavd odkvétem kvétl a trva v zavislosti na ovocném druhu a na pocasi
piiblizné tfi az Sest tydnill. Toto obdobi je charakteristické intenzivnim ristem kratkych
letorostil a prvni fazi ristu plodi. Narist plodi je zde pozvolny a probihd ptedevsim pro-
sttednictvim intenzivniho déleni bunék. Pocet bunc¢k v plodech, vytvoieny béhem této
faze, rozhoduje o potencidlni finalni velikosti plodi, jelikoz jejich dalsi nartst v nasle-
dujicich obdobich jiz probiha vyhradné prostfednictvim bunééného rlstu. Proto je toto
obdobi povazovano za kritické z pohledu urovné dostupné vldhy a ovocné dieviny by
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obecné ve II. obdobi vyvoje (1. faze ristu plod) nemély byt vystavovany strestim, ja-
kym je 1 stres suchem. Vystaveni stresu by se mohlo u ovocnych dievin projevit Spatnym
vyvojem mladych plidk, resp. jejich intenzivnéjSim propadem. Na konci tohoto obdobi
jablon¢ obvykle dosahuji primérné velikosti kralovskych pladkt 1,5-2 cm a ukoncuji rist
kratkych plodnych letorosti. Vyvoj listové plochy v této dobé u plodnych stromka odpo-
vida ptiblizné 50—65 % finalni velikosti.

II1. obdobi — vyznacuje se intenzivnim riistem prodluzujicich letorostl a nastupem druhé
faze rustu plodd. Plody v této fazi rostou v disledku zvétSujiciho se objemu jiz namnoze-
nych bun¢k. Tteti obdobi vyvoje je v zavislosti na péstovaném ovocném druhu pomérné
specifické s ohledem na délku trvani a prib&h vyvoje plodl. Zatimco u jabloni nastdva
intenzivni linearni rist ploda (Obrazek 34), u peckovin nastupuje faze tzv. tvrdnuti pecky.
Béhem této faze u peckovin dochazi k nékolikatydennimu zpomaleni rastu plodi (Obrazek
35a), kdy se v plodech formuje pecka. U hrusni v tomto obdobi plody rostou spise do délky
ajejich denni piirtistek prozatim nedosahuje maximalnich hodnot (Obrazek 35b). Z pohledu
zavlahové potieby jsou s vyjimkou jabloni zminované ovocné druhy méné citlivé k nizsi
dostupnosti vody a mohou tedy byt vystaveny urcité mife stresu suchem, ktery nezanecha
nasledky na plodnosti a spiSe podporuje kvalitu plodt. Uvadi se, ze v teplych aridnich oblas-
tech v tomto obdobi strategie RDZ umoziiuje omezovat silny vegetativni riist, ktery zvysuje
spotiebu vody a tvofi urcitou konkurenci plodim ve spotfebé mineralnich Zivin a asimila-
th. Vzhledem k tomu, ze ovocné dieviny v tomto obdobi jiz upiednostiiuji vyzivu ovoce
rustu plodu ve stresovych podminkach. Nicméné omezeni rastu prodluzujicich letorostt 1ze
v nasich podminkach ocekdvat pouze v piipad¢ rozvoje intenzivniho sucha jiz v pribéhu
jarnich mésici.
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Obrazek 35. Vyvoj plodui a letorostii a) peckového ovoce a b) hrusni v jednotlivych fazich
rustu behem vegetacni sezony s ohledem na vyuZiti rizené deficitni zavlahy — (Goodwin a Boland,
FAO 2022).
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IV. obdobi — u jadrovin a nékterych peckovin se tato faze vyznacuje ukoncenim vegetativ-
niho ristu a intenzivnim ristem plodl az do okamziku jejich zrani. V tomto obdobi je nutné
obnovit plné davky zavlahy dle evapotranspira¢nich narokl péstované kultury a v ptipadée
potieby provést i ur€itou kompenzaci aktualni vlhkosti piidy tak, aby u rostlin jiz nedochaze-
lo ke stresu suchem.

U jabloni se vyuziti RDZ t&sné&ji vztahuje k podmink4m prostiedi. Linearni narist jablek je
ve III. a IV. obdobi vyvoje (II. a I1I. fazi ristu plodit) stejné intenzivni a piipadny Ubytek ristu
plodi je znatelné;si nez u ostatnich jiZ zmifiovanych ovocnych druhii. Proto je nutné u jablo-
ni v ramci zavlahy hlidat vyvoj dostupné vlahy v ptid¢ a vystavovat tyto dieviny vldhovému
deficitu pouze v omezené mife. Ze zahrani¢nich zkuSenosti vyplyva, Ze pro péstovani jabloni
v teplych aridnich oblastech svéta je tato strategie méné vhodna. Nicmén¢ v podminkach
mirného klimatu, ve kterém kladou rostliny nizsi evapotranspira¢ni naroky a kde jsou suché
periody alespon ob¢asné pieruSovany atmosférickymi srazkami, u rostlin dochazi ke snadné;-
§1 kompenzaci ztrat v ristu plodti béhem suché periody. V takovych podminkach Ize pomoci
RDZ u¢inné zvysit efektivitu doplitkové zavlahy i u jabloni.

V. obdobi — nastava po sklizni ovoce. U nékterych peckovin je provazeno druhou vinou (me-
runky) nebo kontinudlnim pokracovanim (tfe$n¢) rustu letorostti. U téchto ovocnych druhi je
vhodné za suchého a teplého pocasi ponechat plnou davku zavlahy alespon po dobu nékolika
nasledujicich tydnii pro podporu vyvoje kvétnich pupend. Principidlné je vSak tohle obdobi
jiz méné naro¢né na spotiebu vody, navic u jadrového ovoce nastava v podzimnim obdobi,
kdy Ize predpokladat jiz Castéjsi atmosferické srazky dopliujici pidni vidhu.

3.3.1.2 Provozni podminky RDZ

Strategie fizené deficitni zavlahy v praxi umoziuje usporu 20-25% vody urcené pro za-
vlazovani péstované kultury. Pro bezpe¢né vyuziti RDZ je u péstovanych ovocnych kultur
obecné potiebné strategii nastavit v zavislosti na aktudlnich vldhovych podminkach sta-
novisté a managementu vysadby. Dosavadni poznatky stanovuji urcité limity vzhledem
k metod¢ stanoveni vlahové potieby, které musi byt dodrzeny tak, aby nedochazelo k roz-
voji intenzivniho stresu suchem:

Vlahovy rezim

Zavlaha se v citlivych obdobich nastavuje na plnou kompenzaci stanovené potteby vody.
V méné citlivém obdobi, u jabloni cca od pllky ¢ervna do konce ¢ervence (BBCH 72-77),
1ze zavlahovou davku snizit az na 50 % stanovené potieby. Nasledné je vhodné obnovit pl-

nou davku zévlahy tak, aby byl zejména v druhé polovinég letniho obdobi zajistén dostatecny
ptisun vody pro rust plodii do findlni velikosti.

Vlhkost v zavlazované ¢asti pudy by neméla klesat pod 60% vyuzitelné vodni kapacity.
Dtlezitou roli ptitom sehrdva plo$né pokryti ptidy zavlahovou vodou, to znamena celkova
zavlahova davka a zavlahovy detail. Tyto veli¢iny v praxi rozhoduji o tom, jak velkou cast
kotfenové zony lze provlazit pomoci zavlahy. Z uvedenych divodi je pfed pouzitim fizené
deficitni zdvlahy potfeba peclivé zvazit moznosti zavlahového systému a posoudit, jestli
jiz v danych podminkach nedochédzi k vyraznému omezeni piisunu vldhy prostorovym
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rozdélenim zavlahové vody. Pro tyto potieby lze vhodné vyuzit méfeni vlhkosti v nezavla-
zované &asti pudy, ktera by pro vyuziti strategie RDZ neméla klesat pod 50 % VVK.

Vodni deficit stanoveny skrze evapotranspiraci by nemé¢l presahovat 45 % z vyuzitelné vod-
ni kapacity v kofenové zoné.

Pii stanoveni potieby zavlahy skrze fyziologické parametry, napiiklad vodni potencial kme-
ne ovocnych dfevin, saci sila potfebné pro doplnéni vlahy vodivych svazkl by v polednich
hodinach neméla klesat pod -1,5 kPa.

Pokud vlahovy deficit dosahne nékterého z uvedenych limitt, je potieba RDZ prerusit a ob-
novit vlhkost v zavlaZované ¢asti plidy na polni vodni kapacitu. Vlhkost pidy by pak dale
nem¢la klesat pod 70% VVK namétené v hloubce odpovidajici nejvétSimu objemu aktiv-
nich kofentl. V ptipad¢ stanoveni potieby na zdklad¢ vlahové bilance je potifeba na pozemek
doplnit mnozstvi vody odpovidajici alespont 20 % celkové kapacity ptidni vlahy v kofenové
z6ng. Obnova vlhkosti piidy nebo vlahoveé bilance pozemku by méla byt provadéna pozvol-
n¢, a to opakovanym vyuzitim obvyklé plné davky zavlahové vody vypoctené pro dany
pozemek a ovocnou kulturu. Zabrani se tim riziku vyrazng;si ztraty vody priissakem do hlub-
Sich vrstev piidy mimo kofenovou zénu. Tyto davky by mély byt aplikovany v zavislosti
na pocasi v ¢astéjSich intervalech az do dosazeni potfebné vlhkosti pidy, resp. doplnéni
odpovidajici ¢asti vodni bilance ovocného sadu.

Management piidy v ovocnych sadech

K efektivnimu vyuziti RDZ je dale potieba dodrzovat uréité postupy v managementu ovocné-
ho sadu. Vedle standardnich prvkii managementu integrované produkce ovoce hraji z pohledu
vodniho rezimu ovocnych drfevin rozhodujici roli predev§im management plidy a adekvatni
probirka plodd.

V rdmci managementu pudy je potfeba dbat na omezovani vyskytu plevele v kofenové zoné
ovocnych dievin. Plevelné rostliny pfedstavuji pro ovocné stromy konkurenci, a to predevsim
v r0zvoji kofenové soustavy a s tim souvisejicim od¢erpavanim zivin a vody. Problém je vy-
znamny piedevs§im v intenzivnich mladych vysadbach, kde jsou dieviny péstovany na slabé
rostoucich a mélce kofenicich podnozich. Plevele tak oslabuji celkovy riist a plodnost ovoc-
nych kultur, a také zvySuji neproduktivni transpiraci v ovocném sadu.

Plevele mizeme regulovat vice zpiisoby, napi. aplikaci herbicida, kultivaci piikmennych past,
mul¢ovanim a sezindnim plevelil. K nejbéznéjsim zpiisobiim regulace plevelt patii v soucasné
dobé& chemicka regulace. Tento zptlisob je Casove a energicky nejméné narocny a je také velmi
efektivni. Aplikace piipravkil je potfeba provést v nejcitlivéjsi fazi plevele a zaméfit se pie-
devsim na prevazujici plevelné druhy. Kromé kontaktnich herbicidi v ovocnych vysadbach
muzeme pouzit nejlépe na zac¢atku vegetace ptidni herbicidy s del§im rezidualnim plisobenim,
které nam zajisti prikmenny pas delsi dobu bez pleveli. V soucasné dobé¢ se portfolio herbicid-
nich t¢innych latek v ovocnafstvi velmi redukuje a jsou hledany alternativni postupy.

o 24

fadu vyhod, napt. vhodnost vyuZiti v mladych vysadbach, nebo u citlivych druhi ¢i odriid,
kde lze pouzit pouze omezenou skladbu herbicidi. Dllezitou vyhodou je i mechanické zpra-
covani povrchu pudy, které vede k pteruSeni kapilarniho vzlinani. Takovy zasah proto pidu
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provzdusiiuje, omezuje neproduktivni vypar evaporaci z ptidniho povrchu a pomaha zasako-
vani atmosférickych srazek. K mechanické regulaci pleveli 1ze vyuzit napt. vykyvny niz,
pasivni rotacni plecku nebo aktivni kultivator s horizontalni nebo vertikalni osou rotace.

K dals$im moznostem regulace plevelti v pfikmennych pasech patii mulCovani, tj. nasty-
lani organickou hmotou nebo mul€ovaci folii (Obrazek 36). Mul¢ zabranuje ristu pleveli
a také zabranuje nezddouci evaporaci. Jako mul¢ se pouziva kromé folie i posekana trava
nebo mulcovana kiira, nastylana zhruba na vysku 10 cm. Tento zptlisob se pouziva predevsim
v ekologickych vysadbach, v integrované produkci se pouziva jen okrajové z diivodu velké
manipulacni ndrocnosti.

Obrazek 36. Vyuziti mulcovaci folie ve vysadbé jabloni proti rustu plevelu

Zatizeni ovocnych dievin plodnosti

Nésada ploda ptedstavuje jeden z hlavnich Ciniteld ovlivityjicich spotfebu vody ovocnymi
dfevinami. Nadmérné zatizeni plody z pravidla omezuje vegetativni riist a zvySuje tak naro-
ky na produkci asimilati na jednotku listové plochy. Takto zatizené stromy ztraceji prostor
fyziologicky odolavat suchu a kompenzovat negativni vliv nedostatku vody bez projevu
na objemu a kvalité produkce. Proto je nezbytné predevSim u jadrovin provadét véasnou
a dostatecnou probirku. Pro podporu vyvoje pludkl v prvni fazi jejich rtstu je vyhodné pro-
birky provadeét jiz v pribehu kveteni nebo v pribéhu této faze. Obecné zde plati, ,,¢im diive,
tim 1épe*. VEasné a dobie provedenou probirkou se prodluzuje doba, kdy se v intenzivné;si
mife zvétSuje pocet novych bunék ve zbyvajicich plodech. Tedy zbyvajici plody maji vetsi
potencial pro sviij nasledny rust. Pro lepsi nazornost uvadime ptiklad.

Priklad:

Ve VSUO Holovousy bylo v letech 2019-2022 provedeno hodnoceni riznych deficitnich
zavlahovych strategii véetnd vyuziti RDZ. Pokus byl hodnocen v sedmileté vysadbé jabloni
odriid ‘Gala Brookfield’ a ‘Red Jonaprince’ (pro zjednoduSeni jsou prezentovany pouze vy-
sledky z odrady ‘Gala Brookfield’) péstované na podnozi M9 ve stiedné t€zké hlinité ptdé.
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Pouzity péstitelsky tvar byl stihlé vieteno s fezem na , klik. Jablon¢ byly vysazeny ve sponu
3,5 x 1 m a finalni vyska porostu byla udrzovana ve 3,2 m. Piikmenné pasy byly udrzovany
v bezplevelném stavu pomoci herbicidl, zatimco mezitfadi bylo zatravnéno s pravidelnym
sezinanim. U jabloni byla provedena ru¢ni probirka ploda ve fenologické fazi BBCH 71-72
(kralovsky plod ve velikosti 15-20mm) s vyuzitim pomicky pro stanoveni optimalniho
mnozstvi plodl na vétev, ,,equilifruit” (Obrazek 37, INRA Montpellier, Francie).

Obrazek 37. Pomiicka pro stanoveni optimalni nasady plodii jabloni podle poctu smisenych
pupentt (plodnych vyhoni) na bazalni primer véwvi ,, equilifruit” (Foto.: Ludék Lanar), vievo
znazornéni pouZiti v praxi

V pokusu bylo hodnoceno 7 zavlahovych variant uvedenych v tabulce 2. Celkova davka
vody se v pokusu odvijela od pribéhu pocasi (Obrazek 38A) a v jednotlivych letech dosa-
hovala hodnot 298 mm (2019), 54 mm (2020), 196 mm (2021) a 273 mm (2022).

Tabulka 2. Seznam hodnocenych zavlahovych variant, pouzita davka v prithéhu sezony a ndsada

plodu.

Varianta Dévka zavlahy Obdobi Nasada plodl

K-0 Nezavlazovana v prib¢hu veg. sezony s plnou nésadou plodt
ETc-50 50% plné davky v pribéhu veg. sezony s plnou nasadou ploda
ETe-75 75 % plné davky v prubéhu veg. sezony s plnou nasadou plodu
ETc-100 100 % plné davky v prub¢hu veg. sezony s plnou nasadou plodu
ETc-200/0  200/0 %! plné davky v prub¢hu veg. sezony s plnou nasadou plodu
RDZ-50 100/50 %2 plné davky BBCH?3 72-77 s plnou nasadou plodia
RDZ-50a 100/50 % plné davky BBCH 72-77 s 50-60 9% nasadou plodt

I Celorocni davkovani 200% davky v kazdém druhém terminu zavlazovani
2Rizend deficitni zaviaha s 50% davkou zavlahové vody v obdobi BBCH 7277
3BBCH 72-77 — obdobi od velikosti krdlovského plodu 20mm po 70 % findlni velikosti plodii (polovina

Cervna az zacatek srpna)
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Z pohledu zhodnoceni jednotlivych let byl rok 2019 nejteplejsi s nejvetsim srazkovym de-
ficitem, pficemz sucha perioda probihala zejména v mésicich Cerven a Cervenec. Naopak
nejchladnéj$i a nejvlhéi obdobi béhem vegetacni sezoény bylo pozorovéno v roce 2020.
Pribéh pocasi se do jisté miry promital do vlhkostnich pomérii v ptid€ a to zejména u variant
s omezenym ¢i nulovym pfisunem vody pomoci zavlahy. Nejnizsi piidni vlhkost (Obrazek
38B) byla pozorovana u nezavlazované varianty K-0 a v mensi mife u zavlazovanych vari-
ant ETc-50 a ETc-200/0, které v letech 2019 v 1ét€, 2020 na jate a 2022 na podzim poklesly
pod 60% VVK.

Vlahova bilance na pozemku

Sraiky/zavlaha/ETc (mm)
S
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Obrazek 38. Denni pribéh A) zavlahy, srazek a plodinové evapotranspirace (ETc) v mm,
a B) vihkosti piidy ve 30 cm u jabloni odridy ‘Gala Brookfield’v letech 2019-2022

V tabulce 3 jsou uvedeny hospodaiské vlastnosti jabloni odriidy ‘Gala Brookfield’ v pra-
béhu hodnoceného obdobi a to zeyjména vysledky spojené s plodnosti, riistem vyjadienym
pticnym prirezem kmene (PPK) a celkovym zatiZzenim stromi na jednotku PPK. Z tabulky
3 je patrné, ze v roce 2019 se vliv intenzivniho sucha neprojevil na celkovém vynosu ani
zatizeni stromi plody. Nicméné jak je dale patrné z obrazku 39, sucho v roce 2019 vyrazné
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ovlivnilo findlni kalibr plodl a to pfedevsim téch, které spliuji predpoklady pro prvni ja-
kost, tedy vétSich nez 70 mm. V tomto sméru je patrna stoupajici zavislost velikosti kalibru
na celkové davce zavlahy. Vyjimku tvoii jablon& ve varianté RDZ-50, které navzdory stej-
nému objemu vody jako ve varianté RDZ-50a dosahly rovnéz mensiho podilu kvalitnich
jablek. V tomto piipad¢ byl pokles kvality zplisoben rozdilnym zatizenim stromii plody,
kdy byl ve varianté RDZ-50a redukovan podet plodti na polovinu v porovnani s ostatnimi
variantami. Vysoka ndsada plodi tedy vedla k vyssi spotiebé vody.

Tabulka 3. Intenzita kveteni, priumérny rocni vynos, plocha prurezu kmene, zatiZeni stromii v poctu
plodii a specifickém vynosu na jednotku plochy kmene u jabloni ‘Gala Brookfield’

. Kvetent Vynos Pocet Pocet Specificky
Rok  Varianta (1-9) (kg/ plodu PPK (¢cm2)  plodia PPK vynos—PPK
strom) na strom (ks/cm?2) (kg/cm?)
K-0 83a 28,04ab 2114ab 12,8 ab 16,67 a 221 a
ETc-50 82a  2629b 184,2bc 11,6 b 16,27 a 231a
ETc-75 7,0a  27,74b 187,7 bc 11,2Db 16,67 a 2,47 a
2019  ETc-100 7,8a | 25,61b 175,5bc 11,0b 16,25 a 2,39 a
ETc-200/0 7,7a  26,99b 177,3 bc 12,3 ab 14,70 a 2,24 a
RDZ-50 74a | 3504a 251,0a 15,6 a 16,72 a 232a
RDZ-50a 80a 25,16b 157,8 ¢ 12,2 ab 13,15a 2,09 a
K-0 4,7b 16,97 ¢ 105,7 b 16,7 ab 6,35¢ 1,03 b
ETc-50 4,6 b 15,90 ¢ 105,1 b 153D 7,22 be 1,09b
ETc-75 6,3ab 22,89a 155,5a 142 b 11,13 a 1,64 a
2020  ETc-100 5,6ab 1893b 126,3ab 142 b 8,98 ab 1,36 ab
ETc-200/0 6,1 ab - - 16,1 ab - -
RDZ-50 5,7ab 2294 a 149,3 a 212 a 7,14 be 1,10 b
RDZ-50a 6,6a 23,64a 159,1 a 16,0 b 10,09 a 1,50 a
K-0 8,1a 17,88 a 112,1 a 17,7b 6,35 a 1,01 a
ETc-50 8,8a 18,25a 128,8 a 155D 834a 1,19 a
ETc-75 7,7a 19,17 a 1349 a 16,1 b 8,48 a 1,21 a
2021  ETc-100 8,1a 19,41 a 135,1 a 16,0 b 8,55a 1,23 a
ETc-200/0  79a 18,85a 130,3a 18,6 b 7,18 a 1,04 a
RDZ-50 80a | 20,25a 127,6 a 247 a 5,46 a 0,86 a
RDZ-50a 7,7 a 18,62 a 1219 a 18,4 b 9,36 a 1,45 a
K-0 85a  21,9bc 1149 bc 22,6 ab 5,15¢ 0,98 d
ETc-50 8,6a 29.6 a 176,4 a 19.8 b 9,22 a 1,53 a
ETc-75 85a | 26,4ab 147,7 ab 18,40 8,21 ab 1,47 a
2022 | ETc-100 83a 255abc 139,3 abc 183 b 7,75 ab 1,42 a
ETc-200/0 8,2a 19,7 ¢ 104,5 ¢ 23,8 ab 4,59 ¢ 0,87 b
RDZ-50 83a 254abc 154 ab 28,8 a 5,70 be 0,95b
RDZ-50a  9,0a = 29,7a  167,5a  20,5b 8,51 a 1,51 a

Statisticky vyznamné rozdily na hladiné o = 0,05 jsou oznaceny rozdilnymi pismeny. Data jsou porovnavana
v kazdém sloupci samostatné a pro sledované roky jednotlive.
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Pozoruhodny je také pokles plodnosti jabloni ve variantach K-0 a ETc-50 v nasledujicim
roce 2020 a to 1 navzdory vlhkym podminkdm roku. V tomto roce vSak jiz vzhledem k nizsi-
mu zatizeni jabloni nedochazelo k omezeni ristu plodii. V primérné vlhkém roce 2021 byly
vynosy a tedy i zatizeni stromi mezi variantami pokusu relativné vyrovnané. Nicméné urci-
ty trend v niz§im zastoupeni kalibru plodii vétsich neZ 70 mm byl patrny zejména u varianty
ETc-50 s poloviéni davkou vody béhem celé vegetacni sezony. Vyssi podil vétsich plodi
u K-0 a RDZ-50 souvisi opét spise s jejich aktualnim zatizenim. V roce 2022 byla plodnost
stfedni az vysoka. I navzdory tomu hodnocené jabloné napii¢ variantami pokusu dosahly
vysokého zastoupeni plodll v kalibru nad 70 mm. Lze tedy fici, Ze hranice zatiZzeni stromil
plody ovliviiyjici jejich velikostni kalibr je kazdoro¢né zavisla na aktudlnim fyziologickém
stavu ovocnych dfevin a miZe se ménit. Pii sttednim zatiZeni stromu v dobré kondici Ize
jablonim pfisoudit uréitou odolnost viici kratkym periodam sucha. Ze zkusSenosti ziskanych
v polnich pokusech vychazela odrida ‘Gala Brookfield’ jako vice citliva k nedostatku vldhy
v porovnani s triploidni odriidou ‘Red Jonaprince’, nakolik druha ze jmenovanych odrid
byva za stejnych podminek mohutné;si v ristu a tvofi pfirozené vétsi plody.
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Obrazek 39. Hmotnostni podil jablek dle zastoupeni velikostniho kalibru u hodnocenych variant
v letech 2019-2022
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Zavérem lze uvést nasledujici pravidla pro vyuziti RDZ u jabloni:

» zavlahova strategie fizené deficitni zavlahy je v podminkach CR uplatnitelna a za uri-
tych podminek umoznuje usporu vody az 20-25 %,

» uodrid typu ‘Gala’ by max. zatizeni stromu v dospélosti nemélo ptekracovat 120—132
plodii na strom (11 plodi.cm-2 PPK) pii vySce koruny cca 3,2m,

» vlhkostni rezim muize pfedstavovat 50% evapotranspirace v obdobi 3. faze ristu
(BBCH 72-77),

» vldhovy deficit by nemél piekraovat 20-25 % rocni evapotranspirace,

» vlhkost plidy by neméla klesnout pod 75 % ve vlhké, a pod 60 % v suché periodé,

» pii ponechani vysoké nasady plodi (cca 15-16 plodi.cm-2 PPK) by piisun vody
v pribéhu vegetacni sezony nemél byt omezovan,

P optimalni zatizeni stromt u triploidnich odrid, napt. ‘Red Jonaprince’, miize byt vys-
§i, tedy 150-160 plodt (11 plodt/cm-2 PPK).

3.3.1.3 Technické a technologické vybaveni RDZ

Pro potfeby RDZ je nutné zajistit spravné vybaveni a nastaveni systému zavlahy. Systém
vyzaduje zavlahovy detail o jedné hadici pfipevnéné na draténce uprostied radku. Zavlahova
hadice ptedstavujici zavlahovy detail by méla mit otvory idedlné po 0,5 m a prutok alespon
2,3 mm/h. K fizeni zavlahy je zapottebi fidici jednotka napojend na senzorové vybaveni
pro stanoveni potieby zavlahy. Vhodné lze vyuzit senzory méfici pidni vlhkost, meteoda-
ta potfebnd k vypoctu evapotranspirace nebo senzory monitorujici fyziologické parametry
rostlin.

3.3.2 Zavlaha parcialni ¢asti korenového systému

Zavlaha parcidlni ¢asti kofenového systému (parcialni zdvlaha — PZ) je v zahrani¢i znama
pod nazvem ,,partial rootzone drying* nebo ,,partial rootzone irigation“. Tato zavlahova
strategie zohlediiuje prostoroveé rozloZzeni zavlahy v ramci kofenové zony ovocnych dievin,
kdy pti kazdé zalivce je zavlaZovéana pouze Cast (polovina) kofenového systému.

3.3.2.1 Principy zavlahové strategie PZ

Princip této strategie spocivd v poskytnuti dostatecného mnozstvi vody pouze do Cas-
ti kofenového systému, zatimco druhd polovina kofenl je vystavend urCité mife sucha.
Rostliny tak fyziologicky reaguji na omezenou dostupnost vody a upravuji své hospodate-
ni s poskytnutou vldhou pomoci ¢aste¢ného ptivirani praducht. Tato strategie se vyuziva
zejména v aridnich oblastech, kde je obvykle zavlazovan cely ptikmenny pas a to bud’
pomoci postiikovacii, nebo dvouramenného systému kapkovacich hadic (Obrazek 40) roz-
lozeného po obou strandch kmene ovocnych dievin. Strategie ptinasi nespornou vyhodu,
kdy umoziuje zvétSeni prostoru s vyhovujicimi vlahovymi poméry a tim 1 prostoru pro
potencidlni rozvoj kofenové soustavy. Stiidavé spousténi zavlahy na jednotlivych stranach
umoziuje udrzovat obé zavlazované strany pudniho profilu alespon castecné vlhkeé tak, aby
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nedochazelo k rozvoji vyznamného stresu suchem. Soucasné neni pravidelné zvlhcovan
cely povrch pldy piikmenného pasu. To umoziiuje regulovat vypar, omezuje spotiebu vody
pro ucely zavlahy a zaroven zajistuje zachovani objemu a kvality produkce ovoce.

Obrazek 40. Znazornéni zavlahového detailu se soubeznym vedenim dvou kapkovacich hadic podél
rady z kazdé strany kmenii ovocnych dievin. Prostredni hadice na obrazku je zaslepena.

3.3.2.2 Provozni podminky PZ

Strategie parcidlni zavlahy v praxi umoziiuje v aridnich podminkéch pfti zavlazovani ce-
1ého prikmenného pasu usporu 25-50% vody. Vzhledem ke klimatickym podminkam
v Ceské republice je viak vyznam této strategie prozatim okrajovy, jelikoZ jsou ovocné
sady zavlaZzovany bézn¢ pouze jednou kapkovaci hadici. Na druhou stranu tento systém
potencialné umoziuje v sussich oblastech, resp. v extrémné suchych letech, kompenzo-
vat jiz vySe zminéné problémy se zavlazenim ovocnych dievin souasnymi systémy. Pro
bezpecné vyuziti zdvlahy parcialni ¢asti kofenového systému je u péstovanych ovocnych
kultur obecné potfebné strategii nastavit v zavislosti na aktudlnich vlahovych podminkéch
stanovisté a managementu vysadby. Pii provozu metody je potfebné opét dodrzovat urcité
podminky.

Vlahovy rezim

V ramci uvedené strategie se zdvlaha spousti stfidavé po jednotlivych stranach kotfeno-
vého systému. Zavlaha by pfitom méla odpovidat plné davce vody aplikované pies jednu
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centralni kapkovaci hadici. Vlhkost v zavlazované casti ptidy by neméla klesat pod 70 %
vyuzitelné vodni kapacity. V nezavlazované ¢asti ptidy by vlhkost obecné neméla klesat pod
50% VVK. Davky vody, resp. interval mezi spousténim zavlahy 1ze pochopitelné¢ podobné
jako 1 v predeslé strategii regulovat podle pribéhu pocasi, tedy poméru srazek a evapo-
transpirace. Vodni deficit stanoveny pomoci evapotranspirace by opét nemél presahovat
45 % z vyuzitelné vodni kapacity pidy v kofenové zong€. Hrani¢ni hodnotou vodniho poten-
cialu kmene ovocnych dfevin by m¢lo byt -1,5 kPa.

Management sadu

V ramci managementu sadu je uzitecné dbat na tpravu povrchu piidy i dostatecnou probirku
plodd, 1 kdyz zplsob provedeni zavlahy zajiSt'uje lepsi pokryti kofenové zony a tim 1 poten-
cialné mensi riziko nedostatku vody pro zajisténi dobrého vynosu a kvality ovoce.

Pii pirebudovavani systému vyuzivajiciho jednu kapkovaci hadici na dvé s rozteci veétsi
nez 60 cm je potieba pocitat s ur¢itym obdobim (2-3 roky), béhem né&jz se budou koteny
ovocnych dievin ptizpisobovat novému rozlozeni aplikované zavlahové vody a mohou pfi-
jimat poskytnutou vodu méné efektivné. Divodem je preference rtistu kofent v piedchozi
uzsi zavlazované zoné.

3.3.2.3 Technické a technologické vybaveni PZ

Strategie zavlahy parcidlni Casti kofen vyzaduje zajistit spravné vybaveni a nastaveni
detailu, ktery se sklada ze dvou hadic. Mezi hadicemi je zapotiebi instalovat rozdélovac
a uzavéry umoziujici regulaci pratoku vody jednotlivymi rameny tak, aby byly schopny
autonomniho provozu. Zavlahové hadice by mély mit otvory idealn€ po 0,5m a priitok ale-
spont 2,3 mm/h. K fizeni zévlahy je opét zapotiebi fidici jednotka napojend na senzorové
vybaveni pro stanoveni potfeby zavlahy. Vhodn¢ lze vyuzit senzory métici pidni vlhkost,
meteodata potiebna k vypoctu evapotranspirace nebo senzory monitorujici fyziologické pa-
rametry rostlin. Pii pouziti pidnich vlhkostnich senzori je potieba tyto instalovat soub&zné
pod kazdym ramenem zavlahy tak, aby bylo mozné sledovat pidu v zavlazované i neza-
vlazované casti kofenové zony. Jednotlivé metody je pro spravnou kalibraci mozné vhodné
kombinovat.

4 SROVNANI NOVOSTI POSTUPU

Publikace popisuje a rozsifuje znalosti o pravidlech a principech stanovovani potieby za-
vlahy v sadech pomoci méfeni a hodnoceni ptidni vlhkosti, vodni bilance a fyziologické
odpovédi ovocnych dfevin na podminky stresu suchem. Publikace poskytuje navod k im-
plementaci zminovanych metod vcetné ptistrojového vybaveni, postupu pii jeho instalaci
a provozu, interpretace zjiSténych udaji, moznostech automatizace systému zavlahy a vy-
hod, resp. omezeni téchto feSeni. Metodika dale uvadi popis moznosti vyuZiti bezpilotniho
snimkovani porostl s ohledem na lokalizaci potfeby zavlahy v rdmci ovocného sadu. Jsou
zde popsany také zakladni a alternativni strategie zavlazovani umoziujici zvyseni efektivity
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vynalozené zavlahy. V ramci uvedenych deficitnich strategii metodika popisuje nové vy-
sledky vyzkumu a tyto zkuSenosti zohlediluje v nastaveni podminek vyuziti deficitnich
zavlahovych strategii.

5 POPIS UPLATNENI METODIKY

Metodika je urcend pro péstitele ovocnych dievin i specializované firmy poskytujici techno-
logie a poradenskou ¢innost na poli predikce potieby zavlahy ovocnych dievin. Publikace
poskytuje komplexni navod popisujici dostupné metody pro stanoveni potieby zavlahy,
stanoveni potfebné davky i zdkladni zavlahové strategie. U jednotlivych metod jsou vzdy
uvedeny principy, jejich technické provedeni, funkénost vCetné popisu piipadnych vyhod,
rizik a moZnosti provozniho vyuZiti v ovocnaiské praxi. UZivatel€ se tak mohou seznamit se
stavajicimi i modernimi pfistupy k zavlaze ovocnych dievin a budou je moci v praxi vyuzit
pro ucely fizeni managementu zavlah ve svych vysadbach.

6 EKONOMICKE ASPEKTY

Voda pro ucely zavlazovani pfedstavuje jeden z klicovych zdroji v zeméd¢lstvi. Optimalizace
vyuziti metod stanoveni potieby zavlahy, jeji vhodné davky a piipadné vyuziti alternativni
zavlahové strategie ¢inn¢ zvysuje efektivitu zavlahy a predstavuje jeden z dulezitych kro-
ki k preciznimu zemédélstvi. Vzhledem k rozdilné dostupnosti vodnich zdroji, technologii
a postupll v managementu zavlah se vyznam uvedené metodiky v jednotlivych oblastech
svéta mize lisit. AvSak kombinaci v metodice popsanych postupti 1ze v nékterych piipadech
usettit 15-30% vody pouzité pro zdvlahu ovocnych dievin bez negativnich dopadii na ob-
jem a kvalitu jejich produkce ovoce. Na druhou stranu lze kvalitné provedenou zavlahou
ucinng zvysit jak vynos ovoce (v priméru az o 5-15 %), tak predevsim jeho kvalitativni pa-
rametry (zejména prumérnou velikost plodi), a to v zavislosti na pribéhu ro¢niku az o 30 %.
Pro vy¢isleni ekonomickych pfinosti lze popsat podminky v sadech Ceské republiky. Pokud
ptedpokladadme, Ze k uplatnéni vysledku dojde alespoii na 12,5% (1330 ha) vSech péstitel-
skych ploch jadrovin a peckovin odpovidajicich 10642 ha (Némcova a Buchtova, 2022),
pii primérné uspofe zavlahové vody 50-100 m3/ha lze uSetfit 1064200 m3 vody rocné.
Navic pii zvySeni produkce kvalitniho ovoce I. tfidy naptiklad o 15% o primérné trzni cené
téchto ploda 16 K&/kg je zisk vyssi o 75,3 mil. K&. VySe zminéna uspora vody a vyssi zisk
z realizace kvalitnéjsi produkce plodti v suchych letech nastavajicich v nasich podminkéch
1krat za 2-3 roky, za pét let 1ze ocekavat z uvazované plochy sadti tisporu 2 661 tis. m3 vody
a vynos az do vyse 188,3 mil. K¢&.
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Annotation

The determination of irrigation requirements for pome and stone fruits of temperate climate
1s the main topic of this methodology. A detailed description of the principles of the different
methods for determining irrigation requirements is given, including the possibilities of their
automation, their operational advantages, and limitations for use in practice. In addition,
the principles and rules for the use of standard and alternative (deficit) irrigation strategies
are presented, which allow the refinement of irrigation management in orchards. This
methodology is intended for growers, their advisors and consulting companies specializing in
orchard irrigation systems, who will be able to use the information obtained to independently
assess the need for supplemental irrigation and to automate irrigation management in
orchards. The knowledge presented in this publication comes from the results obtained
within the framework of the QK1910165 project and from a literature search of available
sources.



1 INTRODUCTION

Water is one of the key resources for sustainable crop production. Water resources used for
irrigation of crops are currently scarce in many regions of the world and this situation may
further deteriorate due to ongoing climate change. It is possible to grow agricultural crops
without irrigation in some areas, but such production may not be viable in the fiercely com-
petitive European market, especially in dry years, which are likely to become more frequent.
The uneven distribution of rainfall throughout the year makes the need for irrigation even
more acute.

The amount of water used to irrigate agricultural crops accounts for up to two-thirds of total
freshwater consumption worldwide. Its efficient use is therefore becoming crucial for sus-
tainable food production, but also to maintain sufficient drinking water for a growing human
population. To ensure efficient irrigation water management, it is necessary to know and
be able to meet the requirements of the crops being grown. This is based on the biological
needs of the species being grown and the water balance of the land, which is the difference
between the evapotranspiration of the plants, i.e., their water loss through evaporation, and
the water replenished by rainfall or irrigation. The latter must be replenished so that the
plants do not become stressed by drought but also do not suffer from excess water.

With the help of the latest technology, the irrigation requirement and the optimum irrigation
rate can nowadays be determined relatively reliably, and irrigation systems can be operated
efficiently. By using various relationships and measurements, irrigation demand can be
modelled, and the results used in practice to manage irrigation of agricultural crops. This
results in a higher efficiency of irrigation water use per unit of harvest. Efficient irrigation
can then be used to achieve minimal negative impacts on the crops and the environment.
Methods that can be used in fruit growing to determine the need for irrigation, its optimum
rate, as well as the possibility of using alternative irrigation strategies, are described in the
present publication.

2 OBJECTIVES OF THE METHODOLOGY

The aim of this methodology is to familiarise fruit growers with the different methods of
determining irrigation requirements in orchards, including a detailed description of their prin-
ciples, procedures for setting dates and water rates, including an assessment of the benefits
and risks of each method. The methodology also focuses on the description of technological
equipment and possibilities of automation of irrigation of fruit trees, their calibration and
maintenance. The publication is also intended to introduce users to principles and practices
aimed at increasing the efficiency of irrigation water use through alternative deficit irriga-
tion strategies. At the same time, the methodology aims to contribute to maintaining yields
of quality fruit while making economical use of available water resources. The information
summarized in this methodology is based on current international and domestic research
results as well as many years of practical experience.
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3 DESCRIPTION OF THE METHODOLOGY

The methodology describes different methods for determining irrigation requirements,
the irrigation rate itself, and modern irrigation strategies. The methods for determining
the irrigation requirement include their principles, the necessary instrumentation and tech-
nical equipment, operation, including a description of the most important advantages and
risks associated with their use in practice, interpretation of the results and the possibilities
for automating the operation of irrigation in orchards. This publication also presents the
procedure for determining the appropriate irrigation rate for specific fruit tree species and
the possibilities of using alternative irrigation strategies.

3.1 Determination of the need for irrigation

Irrigation is an effective tool for ensuring sufficient water supply to fruit trees. In order
to operate it optimally, it is essential to determine the conditions under which irrigation is
needed. Today, there are several direct and indirect methods for determining the need for
irrigation based on measurements of environmental conditions (soil and atmosphere) and
the physiological needs of the crop itself.

3.1.1 Method for determining irrigation need based on soil moisture

Soil generally provides the anchorage environment for fruit trees and, due to its sorption
properties, acts as a key source of mineral nutrients and water. Soil can retain water through
its physical and chemical properties. These properties affect the overall water-holding capac-
ity of the soil and its subsequent availability to living organisms and fruit crops respectively.
Drip irrigation control based on directly measured soil moisture is, if the conditions are
right, one of the most reliable methods for dosing water to plants according to their needs
and also according to how much they can take up and transpire back into the atmosphere
through their roots.

The advantages of using soil moisture sensors for irrigation control include the possibility
of continuous measurement, continuous monitoring of the irrigation system, identification
of over- or under-watering of the soil environment, the possibility of setting parameters for
irrigation control, efficient and relatively accurate irrigation, and some adaptation of the
irrigation rate to weather conditions. Despite the financial cost, this method can be seen as
relatively affordable.

Disadvantages include the difficulty of installing the sensor system, the interpretation of
the measured results and the fact that it is a point measurement which does not necessarily
provide information on the moisture content of all parts of the rooted soil.

3.1.1.1 Principles of the method

Due to the above characteristics, soil moisture is a measurable quantity and in practice we
distinguish between two basic characteristics that can be measured by instrumentation: soil
suction and soil moisture.
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Soil suction (or soil water potential) — expresses the force with which water is held in
the soil and which plants have to overcome to obtain it. As the amount of water in the soil
decreases, the water 1s more retained and therefore the soil suction increases until it reaches
values that the plants are unable to overcome, and wilting occurs.

The dimension of soil suction is given in pascals (Pa) and multiples thereof. In the available
literature, however, one can also encounter units outside the SI system, namely centibar
(cb) or pF value. In terms of unit conversion, 1 kPa = approximately 1 cb. The pF value
represents the decadic logarithm of the so-called suction height of the water column (hst)
expressed in meters or centimeters, for which it applies:

pF =1logl0 hst (cm)

The logarithmic expression of suction heights is used because of the significant order
of magnitude differences between the maximum and minimum values.

Soil moisture — indicates the amount of water in the soil and can be expressed in two ways —
volumetric moisture or soil moisture by mass.

Volumetric moisture (0) is the ratio of the volume of water to the total volume of soil.
Expressing soil moisture as a percentage by volume is more appropriate for irrigation prac-
tice as it indicates how much of a given soil volume is occupied by its water component.

Mass moisture (w) is given by the ratio of the weight of water to the weight of the solid
phase of the soil. When expressed as a percentage by weight, it indicates the proportion by
weight of water in the total weight of the soil sample. Under field conditions, w can be de-
termined quickly and easily from the samples taken, even without special equipment. When
converting to soil moisture by volume, it is important to know the soil bulk density (pd) in
the orchard under evaluation after drying. The conversion is then as follows:

0 (cm-3.cm-3) =w (g.g1) x pd (g.cm-3)
The result can then be expressed in volume percent by multiplying by 100.

The relationship between suction pressure and soil moisture is expressed by moisture re-
tention lines (pF curves) with suction pressure plotted on the vertical axis and soil moisture
plotted on the horizontal axis. The curve is specific for each soil.

3.1.1.2 Types of soil sensors and technical equipment

Suction pressure sensors

Tensiometers

A tensiometer is a device that can be used to measure the suction pressure of the soil (Figure
1). In the past, they were essentially the only way to non-destructively detect suction pres-
sure in soil. The base of the tensiometer is a porous ceramic body, firmly connected at the
bottom to a plastic pipe of the same diameter and of sufficient length to allow the tensi-
ometer to be inserted at the depth at which the suction pressure is to be measured. For this
reason, strain gauges are manufactured in different lengths. In the upper extended part of the
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strain gauge, which protrudes above the surface when placed in the field, there is a vacuum
sensor, either analogue for manual reading or electronic, which can be connected to a moni-
toring or control unit. The upper extended section, fitted with a plug, is used to fill the strain
gauge with deaerated (vented) distilled water.

Figure 1. Tensiometer IRROMETER, on the left with manual pressure gauge, on the right with
electronic gauge, allowing connection to a monitoring or control unit

The suction pressure measurement gives a closer indication of the availability of soil mois-
ture for the plants compared to the soil moisture measurement. However, the response of
the instruments to changes in moisture content tends to be slow. The main disadvantages of
tensiometers also include the need for occasional water replenishment, calibration, and the
need to remove the instrument from the soil before the onset of frost.

Gypsum blocks and WATERMARK

Sensors based on the measurement of electrical resistance between two electrodes encased
in a porous material of suitable chemical properties are used to measure suction pressure in-
directly. In the past, and even sometimes in the present, this was gypsum, and sensors made
in this way are known as gypsum blocks (Figure 2). Their shortcomings include in particular
the considerable dependence on ambient temperature, short lifetime, parameter variability
and, last but not least, the small volume of soil to be measured. This is particularly prob-
lematic in the case of drip irrigation, where significant differences in soil moisture can exist
even over short distances, placing great demands on their correct installation and ensur-
ing an unchanging position relative to the impact of the irrigation water droplets. Gypsum
blocks are susceptible to gradual dissolution and thus loss of contact with the soil. This
phenomenon is most significant in saline and acidic soils.
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An improved version of the gypsum blocks is the WATERMARK sensor, produced for
more than 40 years and used in some orchards, which is characterized by a longer lifetime
and greater stability of parameters, but measuring again in a limited volume of soil. The
concentric electrodes are surrounded by porous quartz material, encapsulated in a synthetic
hydrophilic membrane and perforated metal casing.

Special indicators are required to get the readings from these sensors, converting the re-
sistance between the metal electrodes inside the sensors into a suction pressure reading. It
is also possible to connect these sensors to monitoring or control units and to monitor the
suction pressure remotely and, if necessary, to control the irrigation.

The advantages of the above-mentioned sensors include their low purchase price and rela-
tively easy installation.

—a 'y
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Figure 2. Gypsum blocks (left) and WATERMARK sensor (right)

Volumetric soil moisture sensors

As in other disciplines, soil moisture measurement has gone through a number of stages,
from manual gravimetric measurements, which are still used today as a basic comparative
measurement, to neutron probes, to capacitive sensors and sensors based on the propaga-
tion of electromagnetic waves in a soil environment composed of solid, liquid, and gas. For
practical applications, the last two methods have achieved the greatest spread. Figures 3 and
4 show Netasense and Virrib sensors measuring volumetric soil moisture based on electro-
magnetic wave propagation in soil. They consist of two electrodes and electronics encased
in epoxy resin and can be oblong or circular in shape and vary in size.
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Figure 3. Soil volumetric moisture sensors GroPoint and NetaSense (product of AMET,
Velké Bilovice)

Figure 4. Soil volumetric moisture sensor VIRRIB (product of AMET, Velké Bilovice)

3.1.1.3 Installation of soil sensors

There are several principles to follow when installing sensors in orchards. The first one is
based on the location of the sensors in the orchard, where sensors are generally not placed in
the outermost rows, and further from the edge in the selected row. In order to ensure proper
function of the soil moisture sensors for their use for autonomous drip irrigation control, the
sensors must be properly installed under drip irrigation system and maintained. Incorrect
installation of soil sensors can lead to inaccurate readings and therefore incorrect irrigation
dosing. It is generally recommended to install 3 sensors at depths of approximately 10-30,
40-60, and 70-90 cm, where

» The top sensor is used to control the irrigation.
» The middle sensor monitors the irrigation of the profile to a greater depth.
» The bottom sensor monitors the infiltration outside the root zone.
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Installation of tensiometers

The installation of tensiometers is relatively simple and does not disturb the soil profile to
any great extent. An iron pipe with a diameter slightly larger than the diameter of the tensio-
meters is driven into the appropriate depth at which the lower end of the tensiometer is to
be located. Never make the hole deeper than required depth so that there is no empty space
under the strain gauge. Before pulling the tube out, a small amount of water shall be poured
on the surface of the soil around it to prevent loose soil particles from being released into the
hole thus made. After the tube has been pulled out, a denser mixture of water and local soil
is poured into the hole via a funnel to ensure a better bond between the ceramic body at the
bottom of the strain gauge and the surrounding soil. Finally, the tensiometer is inserted all the
way to the bottom of the hole. It is important to ensure perfect contact between the ceramic
body and the surrounding soil, otherwise the sensor will not give reliable readings.

When installing WATERMARK and similar sensors, a similar procedure is followed, except
that instead of a tensiometer, a cylindrical sensor body attached to the end of a plastic pipe
of approximately the same diameter is inserted into the hole. A shorter notch shall be made
in the lower end of the tube through which the sensor wire shall be pulled so that it passes
along the outside of the plastic tube when it is inserted into the hole. After the tube and the
attached sensor have been inserted to the depth required at the bottom of the hole, a wooden
or metal rod is pushed through the inside of the tube, holding the sensor at the bottom of the
hole, and the tube is carefully pulled out. A mixture of water and soil is again poured into the
hole above the transducer using a funnel and slowly filled in with the rod until it fills the hole
to the surface of the surrounding ground.

Installing soil moisture sensors

Soil moisture sensors are larger than tensiometers and therefore require a slightly different
installation method, in addition to the ability to monitor soil moisture in a larger volume of
soil in most cases. Either a suitably sized pit can be dug next to where the sensors are to be
placed, and then the sensors can be gradually inserted into the undisturbed soil profile (Figure
5, bottom right). Care must be taken to ensure that the sensors are completely surrounded by
the surrounding soil and that there are no air pockets. This method is not suitable for skeletal
soils. The excavated pit must be covered with progressively compacted soil so that it does not
act as a drain and affect the measurement results.

The second method of installation is to place the sensors in a pre-excavated pit of sufficient
depth and diameter to allow for easy insertion. The excavated soil is placed in a single pile so
that the sequence of the individual horizons can be maintained when the sensors are backfilled.
The pit should not be unnecessarily large to minimize disturbance to the surrounding soil pro-
file. Some sensors, such as VIRRIB, can be installed either vertically or horizontally. When
installed horizontally (Figure 5), soil moisture is measured only in a thin layer of a few cen-
timeters at a given depth; when installed vertically, the average soil moisture is measured in
a thickness corresponding to the height of the sensor. By tilting the sensor, the thickness of the
layer monitored can be varied as required, from the thinnest layer corresponding to horizontal
positioning to the maximum layer in vertical positioning. The sensors are placed one by one
in the excavated pit, a layer of about 5 cm of excavated soil is thrown in and compacted, and
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then the sensors are brought to the surface. It is important to avoid the formation of air pock-
ets. When installed correctly, all excavated soil is returned to the original space. In the case of
skeletal soils, only fine soil is backfilled, and rocks and larger pieces of gravel are removed.

The sensors must be placed in the ground in an area close to the drippers. Figure 6 shows an
example of Netafim’s recommended placement, with ECH,O capacitive sensors on the left,
NetaSense sensors in the middle, and electronic vacuum tensiometer gauges on the right.
However, the sensors are not placed directly under the tree as shown, but close to it, also
considering the position of the dripper. A distance of up to 10cm from its vertical projection
on the surface is recommended. With this condition in mind, it is also necessary to ensure
that the droplets actually fall into the area monitored by the sensor. In practice, water may
run down the drip tube and drip at a greater or lesser distance from the dripper. This should
be prevented by placing a suitable stop on either side of the drip tubing for tubing placed on
the ground, and for tubing placed on a wire frame at a height, it has been found useful to bend
the tubing over the sensors with a suitable spacer (Figure 7). Since the drip tubing shrinks and
expands with temperature changes, this spacer must be firmly attached to the wire mesh and
the drip tubing to prevent it from falling out. It is also a requirement that the drip line near
the sensors be functional and provide nominal flow. Its flow rate can be verified by placing
a container under the drip head from which water is transferred to the measuring cylinder
after a period of irrigation operation. The amount of water delivered can then be converted to
the hourly capacity of the dripper. This value is sometimes displayed on the drip line.
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Figure 5. Sequential installation of three Netasense soil moisture sensors in the excavated pit on
the top of each other and two sensors in the side wall of the excavation (bottom right)
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Figure 7. Detail of the drip hose bending over the location of the soil moisture sensors
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3.1.1.4 Operation, measurement interpretation, and irrigation control

After the correct selection and installation of a suitable sensor, or even several sensors, it
is possible to use the data obtained for irrigation control. The data can either be read man-
ually, but here a frequency of at least twice a week during the irrigation season is required,
or a suitable data logger with remote transmission, preferably to a data acquisition server
allowing data visualization via a web interface, can be used. Another option is to use au-
tonomous irrigation control device that measures the amount of water in the soil at regular
intervals and triggers irrigation as needed.

For correct interpretation it is important to relate the measured results to the range of water
content available for plants from the soil. To do this, it is necessary to determine the rele-
vant soil hydrological properties, the most important of which are the field water capacity
(FWC) and the wilting point (WP) or water holding capacity. While the holding capacity
represents the temporary storage of water in the capillary and non-capillary pores of the soil,
the field water capacity represents the maximum amount of water that the soil can hold in
the long term. The wilting point represents the soil moisture content at which plants are no
longer able to take up water through their roots and permanent wilting occurs. The differ-
ence between the wilting point and the field water capacity expresses the amount of water
that plants can effectively extract from the soil through their roots, called the available water
capacity (AWC).

Interpreting suction pressure readings

According to the recommendations of IRROMETER, the manufacturer of WATERMARK
sensors and tensiometers, the following suction pressure data can be used to make irrigation
decisions:

» (0-10 kPa — saturated soil

» 10-30 kPa — the soil is sufficiently wet (except for gravelly soils that are already
starting to dry out)

» 3060 kPa — the usual range for irrigation in most soils
» 60-100 kPa — the usual range for irrigation in heavy soils
» 100-200 kPa — the soil is too dry

Figure 8 shows the retention lines for selected soil types, indicating the relationship between
the deficit in AWC and the suction pressure. It is generally accepted that plants do not suffer
from drought stress if this deficit does not exceed 50%. In Figure 8, the determination of the
suction pressure value for a value of 50% of the usable water capacity is shown in yellow,
corresponding to a suction pressure of about 85 kPa for clay soils. Depending on the phe-
nological development, it is recommended to irrigate at lower values; fruit trees are most
water-intensive during the fruiting period, when it is recommended to maintain a deficit
of 30—40% of the available water capacity, i.e. to keep the soil moisture at 60-70% of the
available water capacity.
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Figure 8. Relationship between usable water deficit and suction pressure for different soil types
(based on data obtained with an IRRIMETER)

Interpreting the results of soil moisture measurements

When managing irrigation of fruit trees based on measured soil moisture data, it is first
necessary to determine the amount of water in the soil that is available to the crop. FWC
and other soil hydrologic properties can be determined by laboratory grain size analysis of
intact soil samples or by an installed soil moisture sensor. If grain size analysis is used, the
percentages of silt particle categories (< 0.01 mm), clay content (< 0.001 mm), and sand
(> 0.05) content must first be determined (Figure 9). The soil hydrological limits are further
determined according to published pedotransfer functions (Figure 10). The medium soils,
which have a silt content ranging from 20 to 45 %, have a FWC of about 24-37 % by vol-
ume and a AWC of 15-22% by volume. For example, at a depth of 1 m, this corresponds
to 150-220 mm at full water saturation (up to the FWC level), i.e. 150-220 liters of water
per m2.
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Figure 9. Soil textural triangle and textural classes (image from USDA-NRCS)
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Figure 10. Relationship between soil hydrolimits and soil type

Using a sensor to determine FWC helps to offset the need to calibrate most sensors for that
soil. In fact, the actual absolute value of the field water holding capacity is less important
than the value of that limit identified by the sensor. What is more important is the accuracy
of the sensor measurement, specifically its ability to give the same reading for the same soil
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water content. The practical procedure for indicative determination of field soil water capac-
ity by soil moisture sensors is to evaluate the waveform of the measured soil moisture. After
heavy rainfall (at least 20-30 mm) or irrigation, soil moisture increases rapidly due to filling
of capillary and non-capillary pores. If the subsoil is permeable, the non-capillary pores will
gradually drain and after about a day the soil moisture content will drop to the FWC. On the
graph, the change is reflected by a curve showing the moderation of the sharp drop in soil
moisture captured by retention and its stabilization during the night hours (Figure 11). The
measured soil moisture at the steady state point then corresponds to the FWC.
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Figure 11. lllustration of soil moisture in apricots under drip irrigation from May 30 to June 6,
2022.

After the water is drained from the noncapillary pores, the soil moisture drops sharply again
during the day as the plant roots draw water from the capillary pores while transpiring. The
soil water content curve gradually decreases over the range of AWC. This range is further
subdivided into freely available water and restricted water, depending on the availability
of water to the plant. The boundary between these two states is called the point of reduced
availability and is generally considered to be about half of the AWC. Within the range of
freely available water, plants can extract moisture from the soil without limit. This pumping
is reflected by a steady decrease in the curve of the soil moisture graph, the so-called “dai-
ly steps”, and allows some tolerance in the choice of the optimum irrigation value (Figure
12). In areas of reduced availability, there is insufficient uptake of water from the soil and
consequently plants are usually drought stressed. The reason for reduced water availability
is the gradual interruption of capillary water flow to the roots, and the plants are also forced
to actively seek water through intensive root growth. Reduced water availability is reflected
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in decreased intensity of roots water uptake and consequently by decreased drop of the soil
water content (Figure 13).

Example:

If a soil analysis or soil moisture measurement shows that the field water holding capacity of
a given soil is in the range of 33—-34 vol. %, the wilting point, approximately 13 vol. %, can
be read from the graph in Figure 10. In this case, the AWC of the soil is about 21 vol. %, of
which the freely available water content is about 40-50%, i.e., in our case about 9 vol. %.
It follows from the example given that in the soil moisture range of about 25-34 vol. %
(corresponding to a limit of about 55% of the available water capacity), the plants can take
up water without limitation and without suffering from drought. In the model example in
Figure 12, the threshold for starting irrigation was set at 30 vol. %. For most of the period
considered, the soil moisture in the controller-regulated irrigation was within the recom-
mended range from the field water holding capacity to the point of reduced availability, and
only after irrigation did overwatering occur for a period of time.
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Figure 12. Soil moisture in the 5-30cm layer determining field water capacity and other
hydrolimits

The fact that the point of reduced availability has not been reached is indicated by the steady
decrease in soil moisture during the period of no rainfall between the two irrigations, in
Figure 12 it is the period from June 11 to 16, 2022.

It is neither physiologically nor practically advisable to keep the soil moisture close to the
field water capacity values. This is because there is insufficient aeration of the soil and roots
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do not thrive under these conditions. In addition, during heavy rainfall, the soil is already
saturated, and the excess water drains away without benefit. On the other hand, it is not
advisable to start watering only when the soil reaches a point of reduced water availability.
If there is a deviation in the accuracy of the determination or a higher evapotranspiration
requirement, there is no longer a reserve of water in the soil to meet the needs of the plants
and they may suffer from drought.

Irrigation can be controlled manually or by an automatic irrigation system that evaluates
soil moisture readings. Manual control is only suitable for small orchards with multiple
irrigation sections where the grower decides to irrigate after taking soil moisture readings.
Automatic irrigation makes it much easier to manage these processes. In the simplest ver-
sion, the valve is controlled only by a set soil moisture limit in the irrigated soil volume
under the dripper. More sophisticated systems allow other parameters including water pres-
sure and flow, meteorological parameters to be monitored and transmitted to the control
computer that opens the valves. The control of drip irrigation, not only for orchards, based
on measured soil moisture is quite widespread in the world and allows to respond adequate-
ly to the individual parameters that affect the water balance in the soil, whether it is the
amount of effective rainfall, water uptake by plant roots in different weather conditions, or
the amount of irrigation water delivered. With rising electricity prices and more frequent dry
spells with insufficient irrigation water, properly managed irrigation can result in significant
savings without affecting yields. The system thus outperforms conventional systems of au-
tomated irrigation control by timer alone.
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Figure 13. Plot of soil moisture in the orchard of apple trees without irrigation with sufficient soil
moisture (green curve) and with moisture below the point of reduced availability (brown curve).
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3.1.2 Method for determining irrigation requirements based on the moisture
balance of the land

In addition to the soil, the atmosphere is an integral part of water movement in the plant
environment. Water enters the atmosphere by evaporation from the surface of inanimate
materials or by transpiration from living plant or animal systems. It is found here primarily
in the vapor state, but it can also condense and return to the earth surface as rain or snow.
From these and other variables, the movement of water in the environment, its volume, and
its overall balance can be empirically determined.

3.1.2.1 Principles of the method

The determination of irrigation requirements based on the land water balance is based on
comparing the gain and loss components. The method is based on the simplified assumption
that water is transferred through the soil profile only in the vertical direction and the rela-
tionship can be defined by the equation:

Vi—Vi=P—1-0—-E=+Q

where:
Vs.. soil water content at the end of the time interval,
V; ... soil water content at the beginning of the time interval,
P.. precipitation per unit area of soil surface area during the time interval,
I.. interception of precipitation on the plant surface,
O.. surface and subsurface runoff,
E.. evapotranspiration per time interval per unit area of soil surface,
Q.. the volume of water passing through the lower boundary of the soil profile.

Assuming that interception, surface and subsurface runoff and water transport across the
lower boundary of the soil profile are close to zero, the profile water balance equation can
be simplified:

This simplification shows that the change in soil water content is based on the balance of
precipitation or irrigation already applied on the input side and evapotranspiration on the
loss side. If evapotranspiration exceeds precipitation and the water content of the soil profile
falls below the optimum limit, the required amount of water must be supplied by irrigation.

3.1.2.2 Methods for direct measurement of evapotranspiration

The simplest method of measuring evapotranspiration is to determine evapotranspiration from
the water surface. The principle is to take a daily reading of the water level in the container and
subtract the evaporation loss from the rainfall. Light-colored metal containers (metallic silver,
white) placed below or above the ground surface are usually used for this purpose.
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Probably the most common way to measure evaporation from the water surface is to use
the Class A evapotranspiration pan (Figure 14), which is a metal cylinder 120.7cm in di-
ameter and 25.4 cm in height placed 15 cm above the ground surface. This method is used
as a standard in many countries and uses empirically determined coefficients to convert
evaporation from the water surface into potential evapotranspiration of vegetation — mainly
grassland and/or agricultural crops.

Figure 14. The Class A evaporation pan (Fiala, 2014)

A Lyzimeter (Gravity Monolithic Lyzimeter) is used for direct measurement of vegetation
evapotranspiration. It uses a sample of the soil profile with the vegetation to be tested (e.g.
grassland), which is placed in a weighted chamber (e.g. metal cylinder) equipped with in-
strumentation to record soil moisture. In addition to soil moisture and sample weight, the
amount of water entering the chamber coming from rainfall or irrigation and leaving the
chamber via outflow through the profile is measured. This equipment is typically used in
research institutions, mainly because of the higher purchase price and the high requirements
for maintenance, operation, control and evaluation of the measured data.

3.1.2.3 Determination of evapotranspiration by calculation

There are many calculation methods to determine evapotranspiration. Temperature, radi-
ation, and other elements affecting surface evaporation (water, soil, vegetation) as well as
vegetation activity and transpiration are usually included in the calculation. Simple empir-
ical formulas require a minimum of input data. In contrast, combined methods are more
accurate but also more demanding in terms of input data and instrumentation.

88


14.The

According to Novak (1995), evaporation calculation methods can be divided into:

(a) Micrometeorological calculation methods (turbulent diffusion method, energy balance
method, combined method, and pulsation method), which are based on the analysis of
the distribution of meteorological elements in the surface atmosphere,

(b) Empirical equations, used in particular when data are not available for the application
of other methods

(c) Water balance methods, which are based on the construction of a balance of the water
content of a given volume of soil,

(d) Evapotranspiration calculation methods based on the solution of the soil-root water
transfer equations,

(e) Methods based on the solution of water and heat transfer equations in vegetation

(f) Determination of transpiration by measuring the intensity of solution flow in the
xylem of plants, where this method allows the transpiration of an individual plant to
be determined.

Among the less demanding methods, we can mention the Papadakis, Budyko and Zubenok,
and Thornthwaite method. The most sophisticated and widely used method is the combined
Penman equation and its modifications and developed forms.

3.1.2.3.1 Methods for evapotranspiration calculation

Papadakis method

ETP = 5.625(emyx — €mn)

evapotranspiration potential [mm.month-1],

the saturation water vapor stress calculated from the monthly mean of the daily
maximum air temperature at 2m above the ground [hPa]

the saturation water vapor pressure calculated from the monthly mean of the
minimum daily air temperatures at 2m above the ground minus 2 °C [hPa].

Budyko and Zubenokova method

where:

ETP ...

D ..

qs -

ETP = pxDx(qs—q)

potential evapotranspiration [mm)],

turbulent transport velocity coefficient between the evaporating surface level and
the measuring level in the weather booth [m.s-1] (in summer D ~ 0.003 ms-1),
air density [kg.m-3],

specific humidity of air saturated with water vapor at evaporating surface tempe-
rature [kg.kg-1],

the specific humidity of the air at a height of 2m above ground [kg.kg-1].
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Thornthwaite method

This method works only with air temperature and calculates potential evapotranspiration
only for months with positive temperatures

10 x Tm\*®
ETP = 1.6( )
I
Where:
ETP... potential evapotranspiration [cm.month-1],
Tm ... mean monthly temperature [°C],
I.. temperature index [°C],

X6

Ti — long-term average air temperature in the i-th month of the year,
a = (675x10")I3 + (77.11 x 1076)12 + (17.921 x 10~3)I + 0.49239

Mintz and Walker (1993) linearized the original Thornthwaite equation into a relationship
that can be used to calculate evapotranspiration for individual days:

ETP = 0.17 (n’l’lg") T

where:

ETP ... evapotranspiration potential [mm.day-!],
Npax - astronomically possible sunshine duration [h],
T.. average daily air temperature [°C].

Other simple empirical methods also exist, such as the equations of Turcova as well as Linacrea
and Ivanov. The result of these calculations is always the potential evapotranspiration.

Combined method of determining potential evapotranspiration

This method was first published by Penman (1948) and is based on the simultaneous solu-
tion of a system of equations describing the steady flow of heat and water vapor over an
evaporating surface (turbulent diffusion method) together with an energy balance equation
at the level of the evaporating surface.

The development of the Penman method resulted in a methodology for calculating crop wa-
ter requirements published by Allen et al. in 1998 as the FAO Irrigation and Drainage Paper
No. 56: “Crop evapotranspiration — Guidelines for computing crop water requirements”.
The methodology is known as FAO 56.

It is based on the calculation of the reference evapotranspiration ET,. This is the evapotran-
spiration of hypothetical grass canopy, which is defined as a short, fully established stand of
12 cm height, well supplied with water, with a constant albedo of 0.23 and a stand surface
resistance of 70 s.m-1.
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ETo =

where:

ET, ... reference evapotranspiration of the hypothetical grass surface [mm.day-1],

A .. is the derivative of the saturation water vapor pressure with respect to the air
temperature [kPa.°C-1],

Rn is the radiation balance on the crop surface [MJ.m-2.day-1],

G.. soil heat flux [MJ.m-2.day-1],

Y ... psychrometric constant [kPa.°C-1],

T mean daily air temperature at 2m above the surface [°C],

u mean daily wind speed at 2m above the surface [m.s-1],

€ saturation water vapor pressure at air temperature measured at a standard height
of 2m [kPa],

€y .. actual water vapor pressure calculated from air temperature and humidity at 2m
[kPal].

Among the meteorological elements, air temperature, humidity or water vapor pressure,
wind speed, and solar radiation or sunshine hours from which theoretical radiation can be
calculated, are needed to calculate the reference evapotranspiration.

To calculate the evapotranspiration of another crop, the reference evapotranspiration ET is
converted to the potential evapotranspiration of the crop by the crop coefficient K_:

ET. = K, X ET,

This coefficient is different for different crops and also varies over time depending on the
development of the vegetation during the season. A further calculation can be made to obtain
the so-called actual evapotranspiration, using the water stress coefficient (K;) determined on
the basis of the knowledge of the soil moisture or the actual water availability for the crop.
Information on rainfall and irrigation, information on the water holding capacity of the soil,
and information on the ability of the crop to extract water from the soil are used in the calcu-
lation. The method is fully described by Allen et al. (1998) in the FAO 56 mentioned above.

3.1.2.3.2 Input Data for evapotranspiration calculation
Evapotranspiration of orchard crops can be calculated empirically by measuring selected
characteristics. The data can be obtained from internal or external sources.

The data needed to calculate potential and actual evapotranspiration, or to model soil mois-
ture or irrigation rates, can be divided into the following information groups:

» Geography of the site

» Soil profile characteristics

P Vegetation parameters

» Meteorological data
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Geographic location

The basic geographic information that characterizes the location of a calculation point (e.g.,
station, plot) are latitude, longitude, and elevation. Latitude is used in some models for cal-
culations related to solar radiation. The daily dawn and dusk data are used to determine the
theoretical duration of sunshine by season (or day of the year). Geographic data can be de-
termined using mapping portals, i.e. maps.google.com. In addition, some models use slope
and exposure information.

Soil profile characteristics

The information about soil profile are needed to calculate actual evapotranspiration and
soil moisture. Models use soil grain size (which indicates soil type) or hydropedological
parameters. In some models, soil grain size is converted to hydrolimits by a set of empir-
ical functions (equations). The important parameters are wilting point, field capacity and
available water capacity. Some models balance the input of water to the soil (precipitation,
irrigation) and evapotranspiration on the output side and use this balance to determine the
actual water supply in the soil, e.g., in the range of the available water capacity. According
to the available water capacity (degree of saturation of the soil profile), the models then
reduce the potential evapotranspiration to the actual evapotranspiration. Using hydropedo-
logical parameters, actual soil saturation can be converted to soil moisture values.

Vegetation parameters

Vegetation information used in evapotranspiration models describes the temporal variation
of vegetation parameters that affect water transport in the soil-plant-atmosphere system.
Examples include root zone volume or depth of active rooting zone, stand height, and leaf
area. Other data include selected phenological phases that affect vegetation development
and water requirements. These include the onset of emergence, the onset of leafing, leaf fall,
and fruit set. The data entered is usually converted into what is known as aerodynamic and
surface resistance of the stand. Simply put, the aerodynamic resistance in the models affects
the airflow and thus the transport of evaporated water from the plant surface, while the
surface resistance represents the passage of water through the plant and the vents from the
plant body (leaves) to the atmosphere. These parameters are calculated by subroutines and
equations within each model. Aerodynamic drag interacts with wind speed, and vegetation
surface drag interacts with solar radiation, temperature, and humidity, among other factors.
Surface drag is also influenced in models by available soil moisture or other (stress) factors
that affect the closure of vents. The FAO 56 methodology provides a large extent of infor-
mation on a wide range of crops that can be used in the calculation of evapotranspiration,
including the data required and the procedures for their determination.

Meteorological data

Meteorological data used in more complex models include average, minimum, and maxi-
mum air temperature, average humidity, global radiation or sunshine duration, average wind
speed, and precipitation. Most models work with daily data. Humidity is most often includ-
ed in models in the form of water vapor pressure, which can be calculated from humidity
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and temperature. Direct information on solar radiation is also often not available. This can
be calculated from sunshine duration for the purposes of the models. Precipitation infor-
mation is usually not needed to calculate potential evapotranspiration. It only enters the
calculation when actual evapotranspiration is calculated, and soil moisture (soil water stor-
age) is modeled.

Some models consider an annual run from the beginning of the year (January 1), and the
initial soil moisture at the beginning of the run (year) must also be included in the values
used by the model. In some models, full profile water saturation is considered for simplicity.
Similarly, initial conditions must be specified if the model is run during the growing season.
Some models can be used in a continuous run, i.e., several years in a row. In this case, winter
conditions must be considered.

Figure 15. Meteorological station for automatic collection of data

Actual meteorological data collection

The actual measurement of meteorological data can be done by purchasing and operating
a meteorological station (Figure 15). If the measurement of meteorological variables is to be
carried out in a standardized way, a description of the methods and characteristics of the in-
struments and other details are presented in the World Meteorological Organization (WMO)

93



Methodology No. 8: Guide to “Instruments and Methods of Observation”, which is freely
available on the WMO website (2021).

The actual measurements are demanding in terms of station acquisition, maintenance, and
data control. If the process of calculating evapotranspiration or other parameters is to be au-
tomated, it is also necessary to operate an in-house data server (or a computer) connected to
the weather station, or to outsource it as a paid service. However, this method is now widely
used and allows for more flexible data manipulation and easier process automation.

External sources of weather data

The national meteorological service operates measurement and provision of meteorological
data in every state. In some cases, current or historical data can be found on the meteoro-
logical service’s website, in some cases if the data are opened, they are available via APIL.

Additional meteorological data can be found on the websites of various organizations, cit-
ies, and companies, but these products may have different approaches to data measurement
both in terms of the instrumentation used and its location, and in terms of data control.

Measured meteorological data and the results of climate scenario models for the future can
be accessed can through the Copernicus Climate Data Store, (https://cds.climate.copernicus.
eu).

If it is necessary to perform model calculations for the near future, weather forecast data
must be obtained. Weather forecast information is provided by national meteorological
services. Weather forecasts are available on numerous websites, for example, the national
meteorological services and other portals: www.windy.com, www.yr.no, charts.ecmwf.int
and many others.

Apart from the irreplaceable position of human meteorologists, weather forecasts today are
largely the result of meteorological models. Meteorological models compute the predicted
values of individual elements from the initial state of the atmosphere at a given time, which
together describe the predicted future state of the atmosphere. By time integration of equa-
tions describing the dynamics, thermodynamics, and energetics of the atmosphere, they
calculate mainly the components of the flux. In addition, other elements such as precipitation
intensity and cloud cover are calculated indirectly using various complex parameterizations.
With respect to the extent of the area considered in the models, there are local and global
models.

Global prediction models simulate the behavior of the atmosphere over the entire Earth.
They are computationally very demanding. The best known are the US GFS model, the ISF
model of the European Center for Medium-Range Forecasting in the UK (ECMWF), and
the ARPAGE model of Meteo France.

Local models calculate weather forecasts for a limited area, possibly based on and refined
by global model results. Almost all national meteorological services in Europe operate their
own local model, and there are also several models operated by private companies and re-
search centres.
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3.1.2.4 Methods for Evapotranspiration Modeling

At present, there are many computer programs — models that result in evapotranspiration
(reference, potential or actual), modeled soil water storage (soil water saturation), or even
recommended irrigation amounts. In terms of the principle of calculation of evapotranspi-
ration, most of the models use a modified Penman equation, where different coefficients or
sub-algorithms are used to calculate these coefficients.

In addition to rewriting these equations in a spreadsheet (e.g. MS Excel), a freely available
simple form of evapotranspiration calculation is, for example, the package ‘EcoHydroTools’ or
‘Evapotranspiration® within the freely available programming language R (www.r-project.org).

Some of the models or programs that include equations for calculating evapotranspira-
tion, auxiliary coefficients, and other methods are for example CropWat, AquaCrop, and
ETo Calculator developed by the Food and Agriculture Organization of the United Nations
(FAO) or Czech model SoilClim.

CropWat

CropWat is a computer program for the calculation of crop water requirements and irriga-
tion requirements based on soil, climate and crop data. the program allows the development
of irrigation schedules for different management conditions and the calculation of scheme
water supply for varying crop patterns. Downloads of the programs and detailed informa-
tion can be found at https://www.fao.org/land-water/databases-and-software/cropwat/en/.

AquaCrop and ETo Calculator

ETo calculator is used to determine reference evapotranspiration according to the FAO 56
methodology. AquaCrop is a crop growth model that simulates the yield response to water
supply. It uses a relatively small number of input parameters and mostly intuitive variables
that require simple methods for their determination. The computational procedures are based
on fundamental and often complex biophysical processes to ensure accurate simulation of
the crop response in the plant-soil system. It is a very comprehensive program with well elab-
orated documentation. Downloads of the programs and detailed information can be found at
https://www.fao.org/aquacrop and https://www.fao.org/land-water/databases-and-software/
eto-calculator/en.

SoilClim Model

This model has been developed by a broad scientific team, including experts from the USA.
The program can also be found and downloaded at www.snowmaus.wz.cz.

The model is based on the FAO 56 methodology, but sub-algorithms and methods have been
modified as part of the research activities of the model developers. For the meteorological
elements, maximum and minimum daily air temperature, average daily humidity, global
solar radiation, average wind speed, and precipitation are included in the SoilClim model.

The Institute of Global Change Research of the Czech Academy of Sciences (CzechGlobe),
the Mendel University in Brno, and the State Land Office operate the web portal Intersucho.
cz, which presents, among other things, the results of the SoilClim model.
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The very comprehensive system presented on the intersucho.cz web portal includes, in addi-
tion to the model results, information from a network of expert newsletters from agriculture,
forestry, orchards, viticulture, nurseries, and related fields, which provide regular weekly re-
ports assessing the current state of the drought and its effects. The system also uses satellite
imagery from the Earth Remote Sensing Program.

Commercial software applications for irrigation of fruit trees

There are several sophisticated software’s dedicated directly to determining the irrigation
requirements of fruit crops. This programs process data for calculating evapotranspiration
daily allowing variable setting of irrigation regime according to chosen irrigation strategy.
They are user friendly giving the results visualized in clear graphs using web interface in-
cluding a suggestive description of the water balance in the orchard and recommendation
for irrigation. In many cases, these programs allows to on-line control of the orchard status
and accessing of the operation of the irrigation system from a mobile device. These pro-
grams are principally provided commercially in form of a software applications or services,
like for example:
https://www.itk.fr/en/research-and-development-projects/vintel-orchards/
https://www.swansystems.com/industries/horticulture/

As part of the use of remote sensing of Earth (RSE), some of the evapotranspiration calcula-
tion equations and models are applied to the post-processing of Earth images. Such products
and projects include for example:

MODIS Global Evapotranspiration Project (MOD 16) — University of Montana —
http://www.ntsg.umt.edu/project/modis/mod16.php

Crop Productivity and Evapotranspiration Indicators from 2000 to Present Derived from
Satellite Observations — Copernicus Climate Change Service —
https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-agroproductivity-indicators

Sentinels for Evapotranspiration (Sen-ET) — European Space Agency (ESA) —
https://www.esa-sen4et.org.

3.1.2.5 Interpretation of results and irrigation management

The methods described — both equations and models — either provide information on crop
evapotranspiration or directly model soil moisture storage (~ soil moisture) or moisture bal-
ance, 1.e., quantification of rainfall surplus and deficit relative to evapotranspiration. Most
models provide results in units equivalent to rainfall — i.e., mm water column. For some
applications, the values must be converted to, for example, m3.ha-! or other units used in
irrigation practice. The need to start irrigation occurs when the sum of the moisture defi-
cit observed over the previous period reaches the volume of the specified optimum rate.
An important factor is the quantification of the optimum moisture or soil moisture vol-
ume (moisture in % volume or percentage of available water capacity) to be maintained by
irrigation. Due to the nature of the input and output processes, the system allows for full au-
tomation of irrigation. Thus, when the demand is met, an automatic start occurs by opening
the valve and irrigation occurs at the set rate.
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3.1.3 Method for determining irrigation need based on plant physiological re-
sponse

A method based on the assessment of the physiological response of the plant can be used to
determine irrigation requirements. From this perspective, plants can be viewed as “biosen-
sors” that integrate the influence of soil moisture availability, the evaporative potential of the
atmosphere, and the characteristics of the plant itself. Plants respond to drought stress with
a variety of physiological responses, the study of which is the subject of plant physiology.

3.1.3.1 Principles of the method

The theoretical advantage of methods based on the physiological response of the plant over
methods based on soil moisture or the water balance of the land is that they focus directly on
the condition of the crop rather than on the condition of the environment in which the crop
is located. For example, methods based on the physiological response of the crop can better
capture spatial heterogeneity in irrigation needs, better relate irrigation needs to phenolog-
ical development and crop age. Another important application of physiological methods is
the precise adjustment of deficit irrigation, which has advantages both in water saving and in
improving quantitative and qualitative yield parameters. The disadvantage of these methods
is the need for specialized and often quite expensive instrumentation. Another limitation as-
sociated with the use of mainly conventional, non-automated methods for determining crop
water status is their complexity and the associated need for measurement and evaluation of
results by a skilled person. The second option is the use of automated continuous sensors
for selected plant physiological processes, which, together with automated adjustment of the
irrigation system, eliminates this need.

In practice, plant water status can be assessed using the following methods:

Plant water potential — This is the basic variable that describes the water status of a plant.
It is an expression of the chemical energy of water in the system. It is conventionally ex-
pressed in units of pressure and indicates the tension of the water column in the vessels of
the conducting tissue.

Stomatal conductance — Stomata are miniature openings in plant leaves that allow water
to evaporate from the leaves and carbon dioxide to enter the plant from the surrounding air,
a necessary substrate for photosynthesis. The stomata are very sensitive to water deficiency
and respond by closing in the absence of water. Therefore, a reduction in leaf stomatal con-
ductance can be a very good indicator of drought stress and therefore the irrigation needs of
the crop.

Stem Circumference Change — Another method of providing information on plant water
status and drought stress is to measure changes in stem circumference using automatic den-
drometers. These measurements record not only the gradual increase in stem width due to
the growth of wood bundles, but also the periodic expansion of the stem during the night
and its contraction during the day due to water loss through transpiration. The magnitude
of the amplitude of this diurnal oscillation, i.e., the reduction in daily increments or even
termination of growth, is considered a good indicator of drought stress and irrigation needs.
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Measurement of transpiration flux — Transpiration flux and its intensity can be measured
by thermal methods. The principle of this group of methods is to measure the heat transfer
that occurs with the movement of water through the transpiration stream in the woody bun-
dles. Again, the flux and its changes provide the basis for determining the irrigation needs
of the crops being grown.

3.1.3.2 Types of meters, installation methods, operation, and technical equipment

Water Potential Measurement

The most direct method of determining the water status of a plant is to measure the water
potential of its organs. This method has a long tradition in plant physiology and is technical-
ly relatively simple. Water potential measurements can be made in an intermittent (discrete)
or continuous mode. In the discrete mode, measurements are made on cut plant parts (usu-
ally leaves) using a Scholander pressure chamber (Figure 16). This apparatus consists of
a steel vessel with a rubber-sealed lid connected to a pressure gauge. The vessel is closed
with the sample to be measured inside so that the cutting surface of the stem protrudes
from the lid and is properly sealed in the lid. The vessel is then pressurized by introducing
compressed nitrogen or air from the attached cylinder. The pressure in the chamber is grad-
ually increased until the cutting surface of the stem begins to wet with water squeezed out
of the observed sample. The Scholander chamber operator carefully observes the cutting
surface of the petiole and records the pressure value at which the cutting surface is wetted.
When observing small petioles (e.g. apricots), it is advisable to use a magnifying glass for
observation. The pressure at which the cutting surface of the petiole is wetted is called the
equilibrium pressure and corresponds to the absolute value of the water potential of the sam-
ple. The water potential of the leaf is then given as a negative number, since it corresponds
to the suction pressure that the plant must exert to take up and transport water in the woody
bundles (Figure 17).

Water potential measurements can be performed in several modifications. Water potential
can be measured directly on transpiring leaves. Such a measurement is strongly affected
by actual evaporation from the leaf and is for example sensitive to changes in irradiance.
A more robust parameter, and therefore recommended for assessing irrigation needs, is xy-
lem water potential. This measurement is made on leaves that have been sealed in a bag
covered with impermeable aluminum foil for at least 1 hour. The water potential of the
xylem is equalized in the wrapped leaves, which are not transpiring. Measurements of leaf
or xylem water potential should be taken around midday when the values are usually low-
est (1.e. most negative). Water potential measurements are also often made on leaves taken
before dawn. In this case, it is assumed that trees do not transpire at night and that the water
potential between the plant and the soil is in equilibrium. The water potential measured be-
fore dawn can therefore be considered as an indicator of the water potential of the soil within
reach of the plant root system.

Water potential measurements made in this way allow an informed estimate of drought
stress thresholds for different species and under different environmental conditions. The
disadvantage is that these measurements must be made manually at discrete intervals, which
makes it impossible to link them to automatic irrigation management systems.
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A promising alternative to these measurements appears to be the newly developed
continuous microtensometer-type sensors Florapulse for measuring water potential (https://
www.florapulse.com/). The sensors are installed on two sides of the tree trunk and allow
continuous monitoring of the orchard and transfer of data to a web interface that allows
evaluation of the condition of the fruit trees in the orchard as well as irrigation management.

PMS Instrument Company
Model 15050 EXF Pressure Chamber Instrament
wwwr. prsinstrument.cam

Figure 16. Scholander pressure chamber for water potential measurement. At lower right, a leaf is
fixed in the lid of the pressure chamber.
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Figure 17. Comparison of xylem water potential (¥, for the three irrigation treatments during
the 2022 growing season. For the non-irrigated treatment (ETc-0), the water potential value
dropped below -1.5 MPa during the season, a threshold considered to be the onset of significant
drought stress.
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Measurements of stomatal conductance and leaf gas exchange

Measurements of leaf conductance can be made with porometer or infrared gas analyz-
er-based instruments (Figure 18). Due to the relatively complex and very expensive
instrumentation, these methods are currently only used in research, but are routinely used
in plant physiology. Measurements are made on intact, i.e., unstressed leaves enclosed in
a measuring chamber. The leaf is left in the chamber for a few minutes to adapt to the new
environmental conditions. More sophisticated instruments have a wide range of parame-
ters that can be controlled in the sample chamber including irradiance, humidity, and leaf
temperature. Stomatal conductance, transpiration rate, and photosynthetic rate are then cal-
culated from the measured changes in water vapor and carbon dioxide concentrations in the
sample chamber. Measurements of leaf gas exchange are very sensitive to changing envi-
ronmental conditions, so it is recommended that measurements be taken in sunny weather
and around midday. It is also ideal to measure diurnal variations in stomata conductance
or the response to different levels of irradiance before beginning a larger seasonal meas-
urement. However, these recommendations imply a significant limitation on the number of
plants that can be measured on a given day or season so that results can be compared. In our
experience, a maximum of 30 plants can be measured in field conditions on any given day.

Figure 18. Measurement of air conductivity, photosynthesis, and transpiration with an infrared
gas analyzer (LI-6800).
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Measuring changes in trunk circumference with an automated dendrometer

Dendrometers are sensitive sensors (Figure 19) that can detect changes in trunk circumfer-
ence or diameter with a resolution of up to 1 um over a time interval of 5 min. These sensors
are attached to the trunk with a steel band or drilled into the trunk with a screw. The data
are measured continuously, providing continuous information on changes in stem growth
during the growing season.

Dendrometric measurements of changes in trunk circumference (Figure 20) provide a good
option for irrigation automation. Commercial irrigation management systems using this
method have already been developed in southern European countries Spain and France.
However, even with this method, the correct execution of the measurements as well as the
evaluation and interpretation of the data are not straightforward. The temperature sensi-
tivity of the measurements must be considered when installing the sensors. Although the
sensors are made of a material with low thermal expansion, it is recommended to install
the dendrometers in the set so that they are exposed to as little direct sunlight as possible.
Care should also be taken to ensure that the steel band used to secure the dendrometers to
the trunk fits tightly around the circumference of the trunk. On older trees, it is sometimes
necessary to scrape off the outer peeling layer of bark. On young trees, the dendrometer
holder may cause cracks in the bark, which can affect the quality of the data. Dendrometers
should be checked periodically and reinstalled if stem growth exceeds the measurable range.
Reinstalling the dendrometers every 1-2 years is sufficient in most cases, but this interval
may be shorter for fast-growing trees.

Figure 19. Automatic (top) and manual (bottom) band dendrometers installed on the trunk
of an apple tree.
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Figure 20. Change in trunk circumference over five days recorded by the automatic dendrometer
for the non-irrigated (ETc-0) and irrigated (ETc-100) variants of the apple tree orchard. The
trunk grows slowly and at the same time there is a regular oscillation related to the change
of water supply in the trunk. The daily increments and the amplitude of the oscillation are lower
in the non-irrigated apple tree.

Measurement of transpiration flux

The last plant physiological method that is discussed in more detail is the measurement of
transpiration flux by thermal methods. These measurements can be carried out in various
modifications, but their common principle is that they use measurements of heat transfer in
the trunk to calculate the transpiration flux of water. The sensor is installed in the trunk so
that the sensor electrodes are embedded in the vascular bundles under the bark of the fruit
tree. The trunk or part of the trunk is continuously or in pulses heated and the transfer of
this heat to the unheated parts of the trunk is monitored, assuming that the heat is mainly
transferred with the transpiration flux. The installed sensors must therefore be well insulated
from the effects of rapid changes in ambient temperature, e.g., by aluminum foil. The basic
principles of commercially produced instruments are (in order of introduction in practice)
measurement of the rate of movement of the heat pulse, heat balance of the strain, heat
dissipation, and deformation of the thermal field. The heat balance method is the most accu-
rate, the heat dissipation approach is the easiest to manufacture, and the heat pulse method
consumes the least electricity.

3.1.3.3 Interpretation of Irrigation Measurements and Control

Plant water potential — Water potential measurements must be interpreted in a broader
physiological context. Although water potential is a direct indicator of plant water status,
its value is subject to feedback physiological control, the parameters of which vary between
species and crop varieties. While in some species called anisohydric the water potential
values follow the drying of the soil, other species called isohydric species tend to maintain
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a constant water potential value even under increasing drought conditions. This water
potential value is mainly achieved by closing the leaf stomata. Measuring leaf stomatal con-
ductance is therefore another important indicator of plant water status.

Leaf stomatal conductance — The interpretation of the results of stomatal conductance and
leaf gas exchange measurements should take into account the differences between the iso
— and anisohydric response of species and cultivars, as mentioned above in the section on
water potential measurements. In the long term, it is also possible that plants may reduce leaf
area by their abscission in response to drought, thereby reducing evaporation independently
of stomatal conductance. It is also important to consider differences in fruit set, as trees with
high fruit set tend to have higher stomatal conductance than trees with low fruit set.

Trunk circumference change — When interpreting data, it is sometimes difficult to separate
circumference changes due to growth from those due to changes in water content. These
changes are also sensitive to rainfall, with a significant increase in trunk circumference on
rainy days, probably due to water being drawn into the canopy, which normally does not
contribute to water storage. These irregular oscillations complicate data interpretation and
make routine use of dendrometers in environments with frequent rainfall such as in the
temperate climate zone difficult. However, more robust models combine trunk circumfer-
ence with measurements of the transpiration flux allowing to amend these oscillations are
recently tested.

Transpiration Flux Measurements — The most important parameters that can be obtained
with this method include sap flux density and sap flux magnitude, which integrates sap flux
density over a given cross-sectional area of the trunk or sapwood, i.e., the younger radi-
al portion of the trunk containing functional wood. A reduction in volume density or flux
magnitude can be considered an indicator of drought stress and irrigation requirements.
Flow can also be integrated over a unit of time and, for example, flow per day can be cal-
culated, which can then be considered as the daily water use of the tree. This parameter is
very informative from an irrigation management point of view, as it can be used to derive
the recommended daily irrigation rate in mm.day-!. The measurement of transpiration flux
theoretically offers a good possibility for automation, since the installed sensors measure
continuously, and the measured parameters are sensitive to the water status of the plant.
On the other hand, transpiration flux is sensitive to the evapotranspiration requirements of
the atmosphere and therefore needs to be considered in the context of the current weather.
Interpretation of measured data is also complicated by the heterogeneity of radial flux pro-
files across the stem, which needs to be well characterized.

Irrigation management

The actual irrigation management involves measuring the signal intensity of a selected
physiological water deficit indicator (WDI). The signal intensity (SI) is quantified as the
ratio of the WDI in the irrigated variant and the WDIr (the reference value) measured in the
absence of soil drought. The purpose of this calculation is to consider the effect of evapora-
tion of water from the plant to the atmosphere, which will always result in a water deficit.
The signal intensity is therefore calculated using the following formula:
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The reference WDIr can be measured on fully irrigated trees or determined, for exam-
ple, before irrigation begins when the soil is still fully saturated. Another possibility is to
use physiological parameter values measured after rain or the day after irrigation. Finally,
a commonly used option is to estimate a reference indicator using a reference formula,
which relates the WDI value to a selected micrometeorological parameter related to the
evaporative potential of the atmosphere including vapour pressure deficit, global radiation,
reference evapotranspiration, and air temperature. However, reference formulas have a de-
gree of uncertainty, and the relationship between the WDI and the atmospheric parameter
may depend on other relevant circumstances, such as the phenological phase.

The next step in determining the irrigation rate is to determine the required signal intensity.
If we want to completely eliminate soil drought, we will aim for ST =1 (WDI irrigated var-
iant = WDIr fully irrigated variant). If we want to irrigate in deficit mode, we aim at SI > 1.
Therefore, we will set the required signal intensity according to the formula

Required signal = reference signal x threshold

The threshold is determined by expert judgment based on previous measurements or avail-
able literature.

If we have a reference signal and a desired threshold, we make an WDI measurement at
the target irrigation and compare it to the desired SI. If a difference is found, we adjust the
irrigation rate by + 10-20% and repeat this process periodically during the irrigation season.

The principle described above implies that adjusting irrigation by measuring the physiolog-
ical response of the plant requires good knowledge of the irrigation system, ideally based
on detailed previous measurements. The selection of a particular WDI, the species-specific
parameters and the relationships required for effective irrigation adjustment are currently
being refined in experimental measurements for different species and different environ-
mental conditions. Together with the development of continuously measuring sensors, or as
a result of the calibration of WDI with parameters obtained by remote sensing methods, we
will certainly see a wider implementation of these methods in the future.

3.1.4 Methods of remote sensing of the Earth

Along with the development of technologies in the industrial sector, their use in agriculture
and horticulture is also developing. If we focus on methods of remote sensing of Earth
(RSE), these are methods that acquire data from a distance as their collective name suggests,
without direct contact with the vegetation being assessed. These are mainly image data.
Their development in the past was linked to the launch of satellites into orbit and the possi-
bility of using the images they were able to record. Today, it is not only satellite images that
are used, but also other platforms such as aircrafts or unmanned aerial vehicles. All these
platforms are essential as data-gathering sensor platforms. These sensors take images of the
area of interest, which are then the basic output of these technologies. Compared to con-
ventional stationary sensors or point measurements, RSE methods are able to analyze larger

104



areas in a shorter period of time. In the case of point measurements, such efficiency can only
be achieved by modeling and estimating the system behavior in the area of interest.

3.1.4.1 Principles of RSE methods

Regarding the sensors and RSE methods that are used for assessing vegetation quality and
various stresses, we encounter most often the use of vegetation indices. These indices are
actually mathematical formulas that work with the acquired images. The images are the
output of carried devices that record the intensity of the reflection of solar radiation or the
direct radiation of various surfaces (passive sensors) or record the reflected radiation that
these sensors themselves emit (active sensors). In the case of vegetation, the reflection of
solar radiation from surfaces is mainly used in the near infrared (NIR) region of spectra. In
this region of radiation, which is not visible to the human eye, the incident light is reflect-
ed many times in the plant cell structure and the amplified signal is then picked up by the
sensors. From the resulting images, it is then possible to distinguish subtle differences in
reflectance, the intensity of which depends on the structure and quality of the plant cells.
The data obtained can be compared using vegetation indices.

One of the most frequently used indices is the normalized difference vegetation index
(NDVI). Its application in RSE and precision agriculture is very common. It is an index
combining in its calculation the intensity of reflected radiation in the red and near-infrared
part of the spectrum.

(NIR — Red)

NDVI = ~——————<
(NIR + Red)

Over the years, some shortcomings of this index for precision agriculture applications have
been identified and other indices have been developed to analyze vegetation condition.
Examples include the normalized difference red edge (NDRE), which uses the so-called
red edge region, i.e. the radiation between the red and near-infrared parts of the spectrum,
instead of the NIR, or the Green NDVI (GNDVI), which uses the green region. The normal-
ized difference water index (NDWI) can also be applied for assessing drought stress. The
NIR and short wavelength infra-red (SWIR) radiation is used to calculate this index, and
this index has other modifications.

(NIR — SWIR)

(NIR + SWIR)

NDWI =

The results for all vegetation indices are maps in so-called false colors, which evaluate
the vegetation status in values from 0 to 1. The basic principle of reduced reflectance of
stressed vegetation compared to vegetation in good health is used to interpret such results.
This phenomenon is also used to assess stress, but it cannot be used to determine the cause
in detail. An example of the calculation and interpretation of the NDVI index is shown in
Figure 21.
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Figure 21. Schematic representation of NDVI vegetation assessment results for a healthy stand
(left) and a stressed stand (right). Adapted from Wu et al., 2014.

The reduction in solar reflectance of vegetation, mainly leaves, is caused by changes in the
cellular structure of the leaves. When vegetation is stressed, cellular structures and chloro-
phyll are degraded, resulting in color changes. These changes may be visible to the human
eye later, but sensors are able to detect them earlier due to their ability to capture a wider
range of wavelengths than those visible to the eye. However, in the case of degradation in
cellular structures, the change is always delayed compared to the actual condition, and there-
fore this method cannot be recommended for estimating the current irrigation requirement.
However, it can be used to identify areas that are more susceptible to drought stress and thus
create a zoning of the plot for more efficient irrigation. However, Borgono-Mondino ef al.
(2022) demonstrated the possibility of using vegetation indices to estimate midday stem
water potential. These authors used Sentinel 2 satellite imagery and the vegetation indices
NDVI, NDRE, and modified NDWI and compared the results with point measurements in
a pomegranate orchard.

Therefore, for drought stress monitoring and its use in irrigation scheduling using RSE
methods, it is advisable to focus on parameters other than radiation reflectance. It is pos-
sible to use thermal cameras and imagery that have high sensitivity and can assess surface
temperatures in relation to current atmospheric conditions (Figure 22). For this type of data,
the crop water stress index (CWSI) has been developed, which is able to evaluate the plant
surface temperature (T,) at a given time in relation to the ambient air temperature (T,). At
the same time, the temperatures of the well-watered vegetation (T, — T,);;, which does not
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suffer from drought stress (Ty), enter the equation and represent the potentially lowest
value. The second variable (T, — T,),;, on the other hand, expresses the maximum value of
the dried leaf with closed stomata (T4y). Both parameters can be modeled from measured
temperatures and other real atmospheric parameters, according to Idsa et al. (1981), or these
surfaces can be artificially simulated in the place and real values measured, as reported by
Poblete-Echeverria et al. (2017). The formula for calculating this index presented below,
includes a simplified version that is used assuming a constant ambient temperature.

(TC - Ta) - (Tc - Ta)II
(Tc - Ta)ul - (Tc - a)II

(Tc - Twet)
(Tdry - Twet)

CWSI =

CWSI =
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Figure 22. Thermal image of a peach orchard on a hot summer day after treatment. The
green color in the image indicates a lower temperature, while the red color indicates a higher
temperature. The higher plant surface temperature in the non-irrigated area (red area 0% ETp) is
clearly seen, while the temperature of the fully irrigated (100% ET, green area) and the intensively
irrigated (150% ET) blue area) is lower. Similar images are used to calculate the CWSI (adapted
from Katz et al., 2022).
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Although the CWSI was developed and is used to estimate plant water use, it is not the most
reliable method for estimating irrigation requirements and plant drought stress. Therefore,
even this index is under continuous development and new relationships are being modeled
to refine it, combining thermal and multispectral analysis. These will be able to better cap-
ture the true transpiration rate of the canopy. Currently, this index can be ideally used in
combination with other parameters measured or calculated for a given site and irrigated area
(zone), such as the water potential described by Katz et al. (2022), to model the irrigation
needs of plants. Poblete-Echeverria et al. (2017), who deal with plant water regime and its
assessment using RSE methods, have also shown correlations of CWSI for example with
stem water potential. Thus, it can also be used to estimate these variables, which are further
used to predict irrigation needs.

3.1.4.2 Comparison of RSE metods

Irrigation scheduling using RSE methods is not very common. Since it is necessary to obtain
data as close as possible to the actual situation to estimate irrigation needs, it is necessary to
take images at the shortest possible regular interval. This is also one of the potential limita-
tions of satellite imagery. Pictures of the same location on Earth are taken at an interval that
depends on the height of the satellite in orbit, which determines how often they take pictures
of the same location. Typically, this interval is in the range of 4-10 days. In case of bad me-
teorological conditions, especially if there are clouds, the image may be degraded where the
clouds partially or completely cover the area of interest and the image cannot be used for
analysis on that day. In terms of vegetation development and different growing regions, the
need for evaluation can then vary both during the season and between sites or regions. A suit-
able option for periodic overflights is airborne or drone imaging. Aircrafts and drones in
particular, have come to the forefront of RSE applications in precision agriculture due to their
relative ease of operation and ability to capture high-resolution imagery. This is essential in
orchards due to the modern slender, spindle-shaped fruit tree growing systems, especially for
apple trees. The higher resolution allows as much of the tree canopy as possible to be cov-
ered and the results obtained to be considered relevant. Due to their lack of resolution on the
order of tens of meters, most freely available satellite images are then unsuitable for use in
orchards. More accurate satellite images are usually provided by private companies for a fee.
However, their resolution is not as accurate as that of airplanes or drones.

The parameters of the sensor that is carried by the platform and collects the data are also
important for the evaluation using vegetation indices. This means both the spatial resolution
and the spectral resolution, i.e., in which bands and over which range the sensor can detect
reflected or emitted radiation. Three types of sensors are available. The simplest, panchromat-
ic or monochromatic, capture only one broad band of wavelengths at a time. The image then
appears in black and white. Multispectral and hyperspectral cameras capture a combination of
several spectra, including the infrared spectrum. With these cameras, both panchromatic im-
ages in one band and images combining several bands can be obtained, which already produce
color images (maps) by combining all the spectra. In the case of multispectral cameras, the
bands imaged are wide, in the range of a few tens of nanometers, while the bands of hyper-
spectral cameras are very narrow, forming in effect a continuous reflectance curve for a given
surface. In the case of water stress assessment using CWSI, thermal sensors are used where
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it is important that they are sensitive enough to distinguish subtle temperature differences. At
the same time and for their practical use, the current meteorological forecast and current envi-
ronmental parameters such as air temperature and humidity must also be taken into account.

3.1.4.3 Operational use of RSE methods to determine irrigation needs

As mentioned above, RSE methods are capable of scanning large areas in a relatively short
period of time. This makes these methods suitable for larger crop areas. However, due to the
high cost of the carriers, sensors, the need for knowledge of image processing and working
with specialized software, and the need for special permits to fly drones or aircratft, it is more
common today to outsource these methods to specialized companies and experts. However,
this method of data collection can be very costly and time-consuming, given the need to
process digital images, evaluate them, and use them in practice, if the condition of frequent
and regular overflights is met. Therefore, in the field of irrigation, RSE methods are more
often used to create a certain zoning of land based on the parameters of the site of interest.

Creating a zonation of a plot of land means that the information obtained by one of the RSE
methods is used to divide the land into smaller units that are similar in their characteristics
and can be considered homogeneous. The size of the parcel, its orientation to the compass
points, topography, soil conditions, and crops play an important role. For these purposes, it
1s appropriate to use not only vegetation indices, thermal images, and soil analyses, but also
the practical experience of the grower. It is also advisable to carry out zoning on the basis
of historical data, which can give a better indication of the characteristics of the site. Again,
data obtained by RSE methods can be used for this purpose. Moreover, by taking periodic
snapshots, it is possible to obtain a dataset with valuable time series information that can be
referred to as needed to evaluate retrospective interventions. Analyzing historical data also
allows to better identify certain trends that may be hidden in single-year evaluations. Plot
zoning is useful not only when using RSE methods, but also when using other methods of
crop irrigation needs assessment.

When evaluating the data obtained by calculating vegetation indices, it is important to keep
in mind that they may be affected by the current meteorological situation at different times.
Their result can also be influenced by different phenological phases and plant genotypes.
These parameters should be considered, especially when comparing different evaluation
dates, in order to ensure a certain standardization. The results can be influenced by the state
of the atmosphere, for example the presence of clouds, and the number of particles suspended
in the air, but of course the water regime of the plants themselves is also affected by the cur-
rent meteorological situation. Taking these factors into account, it is indeed possible to get as
close as possible to the amount of water that the plant needs to replenish itself, thus maximiz-
ing the efficiency of the irrigation rate per unit of production. At the same time, it is possible
to generate and correctly interpret data series for the evaluation of the plant’s water regime.

3.2 Determination of the irrigation rate

The irrigation rate is the single amount of water needed to sufficiently irrigate the fruit trees
in the orchard. Its volume depends on the soil water-holding capacity, as already described,
or the moisture deficit achieved in the plot, the depth and shape of the root system, and
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the irrigation system detail. Given the relatively detailed description of the first two condi-
tions in sections 3.1.1 and 3.1.2, the following section will focus on the characteristics of the
root system and the influence of irrigation system detail.

3.2.1 Root systems of fruit trees

The total amount of water available to plants, including fruit trees, depends on the depth of
the roots and their horizontal extent, in addition to hydro-pedological characteristics. Root
research is concerned with several detailed root morphological and physiological charac-
teristics, the nature of root branching, and the overall geometry and topology of the root
system. All these items influence water and nutrient uptake to a greater or lesser extent. In
terms of root distribution in relation to water uptake, the situation can be simplified by re-
alizing that fruit trees are able to extract water from the entire root zone, i.e., the volume of
soil in which the roots occur.

The size of the root zone of fruit trees depends on many factors. The most important of these
are the type and age of the fruit tree, the type of rootstock used, and the moisture and soil
conditions. In general, fruit trees can have extensive lateral and deep root growth, but most
of the root mass is concentrated in the more fertile topsoil. Figure 23 indicates the maximum
root depth of perennial crops that different species can achieve under suitable conditions.
More important for water and nutrient uptake, however, is the part of the soil with the roots
where the bulk of the root mass occurs. From the above cases, the main part of the root mass
of pears and apricots is concentrated deeper below the soil surface.
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Cherry Apricot currant Strawberries
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3 4 25 4 1.5 0.6
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Figure 23. Maximum depth and density of the main part of the root mass in the soil profile
for selected fruit tree species (Blazek et al. 1998, updated by the authors measurements).
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A practical example of the distribution of the root system in three fruit species is shown in
Figure 24. The figure shows that despite some differences in age of planting, the roots of the
different species have different distributions in the soil profile. In the experimental sides, the
stone fruit species have a deeper and richer root system than the apple trees in the orchards.
It should be noted that root growth is usually also dependent on soil and climatic conditions
and orchard management.

cm/cm3

6 —e—sweet cherries

—e—apricots

—e—apples

——

O P N W &~ U

0-20 20-40 40-60 60-80 80-100 100-120

Depth of soil profile layers (cm)

Figure 24. Root density in soil profile layers for cherry (‘Sweet Early’/Gisela 5, age 14 years),
apricot (‘Bergarouge’/Wawit, age 13 years), and apple (‘Red Jonaprince /M9, age 9 years).

In terms of rootstock, the root system of generatively propagated (seed) rootstocks tends to
be stronger and deeper than that of vegetatively propagated rootstocks. However, even with-
in vegetatively propagated rootstocks greater differences are likely to exist. Table 1 shows
root dry matter in deeper soil layers for ‘Jonagold’ apple and ‘Williams’ pear trees grown in
the same orchard but on rootstocks with different growth rates. Trees with dwarf rootstocks
had lower root dry matter values in the same soil profile layers.

Table 1. Root density of ‘Jonagold’apple and ‘Williams’ pear grown on different rootstocks in deep
soil profile layers (cm.cm-3).

Apple soil layer 40-60 cm 60-80cm 80-100cm  100-120cm
Jonagold - J-TE-G (dwarfing growth) 0.34 0.23 0.20 0.21
Jonagold - J-TE-H 0.96 0.72 0.42 0.35
Pear soil layer 80-100cm  100-120cm  120-140cm  140-160cm
Williams - S1 (stunted growth) 0.34 0.16 0.27

Williams - PS 0.73 0.41 0.37 0.20
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As with field crops, soil conditions such as soil fatigue, soil compaction, stony subsoils or
heavy clay soils have a negative effect on the root system. Waterlogging, excess salts, and
drought have also negative impact on roots.

Figure 25 shows that different depth of the more fertile, humic soil horizon within an or-
chard resulted in higher apricot root density in the part of the orchard with the higher extent
of this horizon. Especially on sloped land, the soil conditions in the upper and lower parts of
the orchard are often different because of different grain size, which may require different
input parameters for irrigation settings.
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Figure 25. Apricot root density in soil layers with humic horizons up to 85 and 40 cm.

The rate and efficiency of water extraction from a given soil layer or distance from the trunk
depends primarily on root density. For field crops, it is reported that when the average root
density is below 1.0 or 0.5 cm/cm3, it is already difficult to extract all available water and
nutrients from the layer. In these cases, the distance between roots is too large, their distribu-
tion is uneven, and water has to travel a longer distance. The movement of water to the roots
depends on the soil type. Medium loam soils provide better conditions than sandy, stony,
and clay soils. An important requirement is also sufficient soil moisture in the range of the
freely available part of the available water capacity to allow free capillary flow of water by
diffusion to the roots. Inflow from the non-root zone can be significant in places with higher
groundwater levels.

The depth from which roots can use most nutrients and water without much restriction is
called the effective root depth. In temperate climates, apple trees on normal loam soils are
given a depth of 0.4 to 0.8m or even up to 1 m, depending on the stage of development
(Figure 26). However, this is only a guideline that needs to be refined according to tree age,
soil depth and root growth conditions. As trees age, the crown of the tree and the extent of
the root zone increase.

For apricot plantings, the theoretical effective watering depth would be 1 m soil depth for
older plantings and 0.8 m for younger plantings (Figure 27). In terms of distance from the
trunk, irrigation at the same distance from the trunk appears to be effective for apricots in
both older and younger orchards.

The younger orchards studied had similar soil and climatic conditions and management
practices to the older orchards. They were always located close to each other.
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Figure 26. Comparison of root length density of apple trees in the younger planting
(‘Breaburn’/M9, age 3 years) and the older planting (‘Red Jonaprince /M9, age 9 years) in soil
profile layers and at different distances from the trunk.
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Figure 27. Comparison of apricot root length density in the younger planting (‘Koolgat’/Wawit,
age 3 years) and the older planting (‘Bergarouge’/Wawit, age 13 years) in soil profile layers
and at different distances from the trunk.

As opposed to densely seeded field crops, the horizontal extent of the roots for fruit trees,
i.e., the distance the roots extend from the trunk, is also important for the optimal point of
application of water and nutrients. If the shallow roots extend further into the inter-row
spacing, they can sometimes be damaged by passing machinery, and there is also competi-
tion for water between the existing crop including grasses, cover, and support species, and
the fruit trees. Figure 28 shows the root density of apple and apricot trees in the soil profile
layers and at different distances from the tree trunk. For both plantings, the proportion of
roots close to the trunk is about 50%, at a greater distance 30%, and at a distance halfway
between two adjacent trees the remaining 20%. It was also found that the root density to-
wards the grassy inter-row was on average 15-25% lower than that in the row between the
individual trees, due to competition between the root system of the fruit trees and the roots
of the stand in the inter-row.

However, the distribution of roots in relation to soil layers is different. In the apple orchard
we studied, the highest root density was in the top 20 cm of the soil layer which is about 50%
of the total soil profile. In the apricot orchard, the highest root density was in the 20 to 40 cm
soil layer and represented about one third of the total soil profile.
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Figure 28. Root density of apple and apricot trees in soil profile layers and at different distances
from the trunk

3.2.1.1 Determination of root extent under field conditions

Under field conditions, it is possible to determine root extent and density at various depths
or distances from the trunk, even without special equipment. The simplest method is the
profile method, which has often been used by Streda et al. (2017) especially in root research
on fruit trees, grapevines, and hops. On the wall of the trench, individual roots can be ob-
served in their natural position in the soil. By making an excavation along the tree line and
perpendicular to it, at different distances from the trunk, it is possible to get a good picture
of the distribution and density of the roots. The surface of the wall can be smoothed with
a knife or spatula, and in heavier soils the roots are better seen after the surface layer has
naturally broken away. In lighter soils, a few millimeters of soil can be removed with a wa-
ter jet or air pressure to better observe the roots. Evaluation of the root system consists of
recording the number and position of roots in the soil wall using a sampling grid or plotting
the root positions on a transparent polyethylene film for later analysis. The simplest method
is to attach a square grid (e.g., 10 X 10 cm mesh size) to the wall and record the position of
each root on millimeter paper as a dot of varying diameter depending on the diameter of the
exposed roots (Figure 29). For fruit trees, in terms of root depth for irrigation, excavation
to 100—120 cm is sufficient to allow access to the roots to about 80 cm. Any obstructions to
root growth and distribution, compacted subsoil, interlayers of gravel or clay that impede
root growth and the natural movement of water in the soil profile will also be clearly visible
on the trench wall. The roots of fruit trees can be clearly distinguished from other species
because they are brown in color and have a different texture than the roots of weeds and
grasses. The roots of fast-growing annual weeds or grasses are light and fine and do not reach
deep layers, which are more important for observing the roots of fruit trees. Nevertheless, it
is advisable to select a clean site for evaluating the root density of fruit trees and to remove
weeds growing in the proposed site in advance.

114



A ow|Oolrlojo|3|2]|1]o0

B 1020 | 9 4 5 4 4 5 8 | 10

¢ 2030|5 | 4|6 |18]15]8 4]0
® e
b 30a0| 1| 2] 4| e |s® 4|6

£ aso| 2] 0| 2|6|4a|3]2]1

Fosogo| 0| 1|00 fa1]o]1]o0
v

G 60-70 0 0 0 0 1 0 0 0

Figure 29. Square mesh frame in the trench and graphical representation of the number of
apple tree roots at different depths and distances from the trunk. Blue spots indicate locations
with protruding main roots.

3.2.1.2 Determining root length and density

For more detailed monitoring of root density, it is necessary to collect a certain volume of
soil from the trench wall or with a soil drill such as a probe used to collect soil samples for
agrochemical analysis (Figure 30). The soil is then washed by soaking it in a solution of
sodium carbonate for several hours. The washing process is accelerated by the use of warm
water and the crushing of soil clods. Smaller volumes of soil with a weight of 0.5-1kg are
easier to analyze. The roots are washed out with a gentle stream of water. A fine mesh sieve
(1-2mm) should be used to capture them. The total length of the roots in the sample is de-
termined either by direct measurement or for large numbers of thinner, branched roots and
their fragments by the line intersect method of Tennant (1975). For a 1 x 1 cm square mesh,
the total length of roots in cm in each sample is obtained by multiplying the average number
of crossings of evenly distributed roots with vertical and horizontal lines for the mesh used
by a factor of 1.57 (Figure 31). Only live roots are counted, which are usually well distin-
guishable from old (semi)decomposed roots and other organic debris.

For simplicity and immediate information on the presence of roots in a given soil layer, it
is possible to determine only the dry weight of roots in the sample and then convert this to
a unit soil volume.

Figure 30. Soil with roots sampling using a soil drill at different distances from the tree trunk.
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Figure 31. Fruit tree roots on a 1 x I cm square mesh.

3.2.1.3 Water percolation, mineral nutrient leaching

The FWC value also indicates the threshold above which water percolates into deeper layers
and possibly out of the reach of roots. This guarantees high efficiency of irrigation water use.
If too much water flows through the soil, nutrients leach out, especially nitrate nitrogen, K,
Ca, and Mg. In orchards, the risk of nitrate leaching is lower than in arable crops and vegeta-
bles. Thus, the application of N fertilizers is not yet restricted by the measures of the Nitrates
directive, as is the case for other crops in nitrate vulnerable areas. Nevertheless, N-NOj5 levels
more than 100 kg.ha-! can be recorded in intensive young orchards, and rational use of irriga-
tion water not only saves water but also reduces the risk of mineral nutrient leaching.

3.2.2 Effect of irrigation system details on the determination
of the appropriate irrigation rate

As indicated in the previous chapters of this methodology, the goal of irrigation is to meet
the water needs of fruit trees. In general, this can be accomplished if irrigation provides even
coverage of the root zone. The total irrigation rate should not exceed the specified depth of
the active part of the root zone. However, it is also important to consider the spatial distribu-
tion of the root system. In order to meet these requirements, it is essential to have the correct
technical irrigation design, i.e., the irrigation system detail. This gives us the position of the
irrigation hose, as well as the density and flow rate of the drippers, which then determines
how much of the root zone we can irrigate. In other words, how well the needs of the grow-
ing fruit trees can be met.

Example:

At a normal irrigation rate of two hours with a drip rate of 2.3 Lh-1, the total water applied to
the soil is 4.5-4.6 mm. In terms of depth of wetting, this rate corresponds to approximately
18 mm of rainwater in the irrigated soil area. At this rate, the soil will be wetted to a depth
of 40-60 cm and about the same width in moderately heavy soils with about 70% soil sat-
uration with AWC (Figure 32). Therefore, under these conditions, such irrigation should
have the following effect on the soil moisture profile: At a depth of 30 cm, which contains
most of the active roots of apple trees, soil moisture should rise to the limit of the field water
capacity. On the other hand, at a depth of 60—80 cm, which experience shows to be the limit
for the presence of active roots of apple trees, the soil moisture should rise only partially.
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However, as shown in Figure 33A, with a conventional row width of 1 m and drip spacing of
1 m, only a quarter to less than a third of the volume of soil potentially containing fruit tree
roots is wetted in this way. When a certain intensity of atmospheric drought is reached, this
system leads to the development of intense drought stress, especially in pome fruit, which
inhibits the intensity of fruit growth. This is largely independent of the amount of water
supplied. When plants try to replenish more water, it usually flows into deeper layers of soil,
beyond the reach of the roots of the fruit trees, with all the consequences for the efficiency
and economy of orchard management.

In contrast, the same amount of water with a higher density of drippers spaced 0.5 m apart
results in a more even distribution of water within the rooted portion of the soil and in the
interconnection of irrigation profiles from individual drippers (Figure 33B). In practice, this
allows twice as much water to be applied to the roots without the risk of exceeding the opti-
mum irrigation depth. Such design of the irrigation detail results in irrigation of up to about
50-60% of the soil in the stubble belt, i.e., most of the rooted portion of the soil profile, thus
increasing the overall drought resistance of the crop.

In numerical terms, while a water rate of 9mm at a drip density of 0.5m corresponds to
a rainfall of approximately 18 mm for the irrigation depth in the wetted part of the soil,
this 1s practically doubled for a drip hole spacing of 1 m and corresponds to up to 36 mm of
water. This amount of water causes a significant overshoot of the optimum watering depth.

Figure 32. Soil profile and root zone wetted with water mixed with food coloring. The white labels
on the soil surface indicate the location of the drippers. The bottom row of tags indicates the soil
depth at 30 cm as seen with the attached tracer stick.
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Figure 33. Schematic representation of irrigation distribution within the rooted soil horizon using
an irrigation hose with drip spacing of (4) I m and (B) 0.5m.

3.3 Irrigation strategy in orchards

Irrigation strategy is the third important part of orchard irrigation management, along with
demand assessment and irrigation rate calculation. It is practically a way of determining the
irrigation regime in orchards throughout the growing season. This is usually done depending
on the evolution of the meteorological conditions and the type of crop grown, reflecting the
water requirements of the fruit trees during the growing season. Taking this into account, in
addition to the classic strategy of supplementing the full needs of the plant, it is also possible
to use a so-called deficit irrigation strategies. The goal is to irrigate with less water than is
evaporated from the plot in the water balance, thereby achieving further water savings and
increasing irrigation efficiency while maintaining the volume and quality of fruit produc-
tion. Deficit strategies can be broadly categorized into regulated deficit irrigation and partial
root zone drying, based on the temporal or spatial implementation of the water deficit.

3.3.1 Regulated deficit irrigation

Regulated deficit irrigation (RDI) or stage-based deficit irrigation, is based on the temporal
variability in the control of water application to fruit trees depending on their stage of
development. Plants are therefore irrigated at different rates during the growing season
according to their actual water requirements.

3.3.1.1 Principles of the RDI irrigation strategy

The concept behind this strategy consist in the different sensitivity of fruit species to wa-
ter availability at different stages of their development during the growing season. This
sensitivity is assessed in relation to the intended yield of the crop, in this case the quantity
and quality of fruit production, which should not be adversely affected. To use this strat-
egy successfully, it is necessary to define the critical phenological stages of growth and
the conditions under which the crop can be exposed to water deficit. The development of
a fruit tree during the growing season can be divided into the 5 periods shown in Figure 34.
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A comparison of available moisture requirements for other pome and stone fruit species is
given in the text.

Period I — Begins with budding. While in pome fruit trees the first leaf area develops si-
multaneously with the flowers from the leaf rosettes of mixed buds, in stone fruit trees only
the flowers develop during this period, and it ends with flowering. Fruit trees require an
unlimited supply of moisture during this period. The reason for this is the need to ensure
smooth pollination, fertilization, and sufficient development of the first leaf area, which is
then used to feeding the young fruits later in there development. However, the leaf area in
the first period is still relatively small and the soil in temperate conditions usually contains
sufficient moisture after the winter. Evaporation is low and irrigation is not necessary unless
the weather is extremely warm and dry.
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Figure 34. Development of vegetative and generative organs of apple trees during the growing season
Growing season of apple trees in relation to sensitivity to water deficit:

Period I — bud burst, first leaf area growth, flowering (BBCH* 10-65)

Period Il — growth of short bearing shoots and first stage of fruit growth (BBCH 67-72)

Period Il — growth of long shoots and second fruiting stage (BBCH 72-77)

Period IV — end of vegetative growth and third phase of fruit growth, harvest (BBCH 77=91-87)
Period V — post-harvest period, leaf fall, beginning of dormancy (BBCH 87-95)

*BBCH — the used shortcut describes the phenological stages of agricultural crops according to Meier (2001)

Period II — Begins with the end of flowering and lasts from three to six weeks, depending
on the type of fruit and the weather. This period is characterized by intensive growth of
short bearing shoots and the first stage of fruit growth. The growth of the fruit is gradual and
occurs mainly through intensive cell division. The number of cells in the fruit formed during
this phase determines the potential final size of the fruit, since further growth in subsequent
periods is exclusively by cell growth. Therefore, this period is considered critical in terms

119



of available moisture, and fruit trees should generally not be subjected to stress, such as
drought, during the second developmental period (first stage of fruit growth). Exposure
to stress could result in poor development of young fruit or increased fruit drop. At the
end of this period, apple trees usually reach an average size of 1.5-2cm for the King’s
fruit and have finished growing short bearing shoots. Leaf area development at that time is
approximately 50-65% of its final size.

Period III — Characterized by intensive growth of elongated shoots and the beginning of
the second stage of fruit growth. At this stage, the fruits grow due to the increasing volume
of already multiplied cells. Depending on the type of fruit grown, the third developmental
period is quite specific in terms of duration and progress of fruit development. While apple
trees show intensive linear fruit growth (Figure 34), stone fruits enter a phase called “stone
hardening”. During this phase, the growth of the stone fruit slows down for a few weeks
(Figure 35a) as the stone forms in the fruit. In pears, the fruit tends to grow in length during
this period and the daily growth rate is not yet at its maximum (Figure 35b). From the point
of view of irrigation requirements, except for apple trees, the fruit species mentioned are less
sensitive to reduced water availability. Therefore, they can be subjected to a degree of drought
stress that does not affect crop fruit production but rather promotes fruit quality. It has been
argued that in warm, arid regions at this time of year, the RDI strategy allows to limit strong
vegetative growth, which increases water consumption and creates some competition with
the fruit for mineral nutrients and assimilates. Since fruit trees already favor fruit nutrition
at this time at the expense of annual shoots, the earlier finish of vegetative growth to some
extent supports the compensation of fruit growth under stress conditions. However, under
temperate conditions, a reduction in the growth of elongating shoots can only be expected if
intense drought develops during the spring months.
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Figure 35. Fruit and tree development of (a) stone fruit and (b) pear fruit at different growth
stages during the growing season in relation to the use of controlled deficit irrigation according
to Goodwin and Boland (FAO 22).
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Period IV — For pome and some stone fruit species, this stage is characterized by the cessa-
tion of vegetative growth and intensive fruit growth until ripening. During this period, it is
necessary to restore full irrigation rates according to the evapotranspiration requirements of
the crop and, if necessary, make some compensation for the current soil moisture so that the
plants are no longer under drought stress.

For apple trees, the use of RDI is more closely related to environmental conditions. The lin-
ear growth of apples is equally intense in period III and IV of development (stages II and I11
of fruit growth) and any loss of fruit growth is more noticeable than in the other fruit species
already mentioned. Therefore, it is necessary to monitor the development of available soil
moisture in apple trees and to expose them only to a limited extent of moisture deficiency.
Experience shows that this strategy is less suitable for apples growing in warm, arid regions
of the world. However, in temperate climates, where plants have lower evapotranspira-
tion requirements and where droughts are at least occasionally interrupted by atmospheric
precipitation, plants can more easily compensate for losses in fruit growth during the dry
season. Under such conditions, the efficiency of supplemental irrigation of apple trees can
be effectively increased with the help of RDI.

Period V — Occurs after fruit harvest. In some stone fruits, it is accompanied by a second
wave (apricots) or continuous growth (cherries) of annual shoots. For these fruit species,
it is advisable to leave full irrigation on for at least the next few weeks in dry and warm
weather to encourage flower bud development. In principle, however, this period is less de-
manding in terms of water consumption, and, in the case of pome fruits, it occurs in the fall
when more frequent atmospheric precipitation can be expected to replenish soil moisture.

3.3.1.2 RDI operating conditions

In practice, the controlled deficit irrigation strategy can save 20-25% of the water used for
crop irrigation. For the safe use of RDI in orchards, it is generally necessary to adjust the
strategy according to the current moisture conditions of the site and the crop management.
Current knowledge places certain limits considering the method of determining moisture
requirements that must be respected to avoid the development of severe drought stress:

Moisture regime

Irrigation must be adjusted to fully compensate for the determined water demand during the
sensitive periods. In the less sensitive period, for apple trees from about mid-June to the end
of July (BBCH 72-77), the irrigation rate can be reduced to 50% of the established require-
ment. Thereafter, it is advisable to restore the full irrigation rate to ensure sufficient water
supply, especially in the second half of the summer period, for the fruit to grow to final size.

The moisture content of the irrigated part of the soil should not fall below 60% of the availa-
ble water content. An important role is played by the area coverage of the soil with irrigation
water, 1.e., the total irrigation rate and the irrigation system detail. In practice, these varia-
bles determine how much of the root zone can be irrigated. For these reasons, before using
controlled deficit irrigation, one should carefully consider the capabilities of the irrigation
system and whether the spatial distribution of the irrigation water is already significantly
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limiting the moisture supply under the given conditions. For this purpose, it may be appro-
priate to use moisture measurements in the non-irrigated part of the soil, which should not
fall below 50% of the AWC for the use of the RDI strategy.

The water deficit determined by evapotranspiration should not exceed 45 % of the AWC in
the root zone.

When determining the irrigation requirement through physiological parameters such as the
water potential of the fruit tree trunk, the suction force required to replenish the moisture of
the conducting bundles should not fall below -1.5 kPa at midday.

If the moisture deficit reaches any of these limits, the RDI should be discontinued, and the
irrigated soil moisture restored to field water capacity. Furthermore, soil moisture should not
fall below 70% of the AWC measured at the depth corresponding to the largest active root
volume. If the need is determined on the basis of a moisture balance, an amount of water
equivalent to at least 20% of the total AWC in the root zone should be added to the plot.
Restoration of soil moisture or plot moisture balance should be carried out gradually by re-
peated application of the normal full irrigation water rate calculated for the plot and the fruit
crop. This avoids the risk of significant water loss through drainage into deeper soil layers
outside the root zone. These doses should be applied at more frequent intervals depending
on the weather until the necessary soil moisture is reached or the corresponding part of the
orchard water balance is replenished.

Orchard management

In order to effectively use RDI, certain orchard management practices must also be followed.
In addition to the standard elements of integrated orchard management, soil management,
and appropriate fruit thinning plays a critical role in the water regime of fruit trees.

As part of soil management, care must be taken to limit weed infestations in the root zone
of fruit trees. Weeds compete with fruit trees, particularly in the development of the root
system and the associated nutrient and water uptake. The problem is particularly significant
in intensive young orchards where trees are grown on slow growing and shallow rooting
rootstocks. Weeds therefore affect the overall growth and production of the orchard and also
increase unproductive transpiration in the orchard.

Weeds can be controlled in a number of ways, including herbicide application, stubble strips,
mulching, and weed cutting. Chemical control is currently one of the most common meth-
ods of weed control. This method is the least time and energy consuming and is also very
effective. Products should be applied at the most vulnerable stage of the weed and should
target the predominant weed species. In addition to contact herbicides in orchards, we can
use soil herbicides with longer residual activity, preferably early in the growing season, to
ensure a weed-free row strip for a longer period of time. Currently, the portfolio of herbicide
active ingredients in orchards is very limited and alternatives are being sought.

Mechanized weed control is one of the more time-consuming and costly options. However,
it has numerous advantages, such as its suitability for use in young plantings, on sensitive
species, and varieties where only a limited herbicide mix can be used. Another important ad-
vantage is the mechanical treatment of the soil surface, which interrupts the water capillary
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rise. This aerates the soil, reduces unproductive evaporation from the soil surface, and helps
to absorb atmospheric precipitation. Mechanical weed control can be done with a swinging
knife, a passive rotary weeder, and an active cultivator with a horizontal or vertical rotation
axis.

Another option for weed control in row strips is mulching, which is the application of organic
matter or mulch film (Figure 36). Mulch prevents weed growth and undesirable evaporation.
In addition to film, grass clippings and mulch bark spread to a height of about 10 cm are also
used as mulch. This method is mainly used in organic production but is only marginally used
in integrated production due to the high handling requirements.

Figure 36. Use of mulch film for weed control in apple orchard.

Fruit thinning

Fruit set is one of the most important factors influencing fruit tree water use. Excessive fruit
load usually limits vegetative growth and thus increases the requirement for assimilates
production per unit leaf area. Trees stressed in this way lose the space to physiologically
resist drought and compensate for the negative effects of water deficit without affecting the
volume and quality of production. Early and sufficient thinning is therefore essential, espe-
cially for pome fruit trees. To promote the development of the fruit in the first stage of its
growth, it is preferred to carry out the thinning during the flowering or during this stage. In
general, the earlier, the better. Early and good thinning extends the time when the number
of new cells in the remaining fruit increases more intensively. This gives the remaining fruit
a greater potential for future growth. To illustrate, here is an example.

Example:

An evaluation of different deficit irrigation strategies, including the use of RDI, was carried
out at the Holovousy location in 2019-2022. The experiment was evaluated in a seven-year-
old planting of apple cultivars ‘Gala Brookfield’ and ‘Red Jonaprince’ (for simplicity, only
results with cultivar ‘Gala Brookfield’ are presented), grown on rootstock M9 in medium
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silty-loam soil. The trees were grown as slender spindle with a “click” pruning. The trees
were planted in a spacing of 3.5 X 1 m and the final height of the trees was maintained at
3.2m. The row strips were kept weed-free with herbicides, while the interrows were grassed
with regular mowing. In apple trees, hand thinning was carried out at the phenological stage
BBCH 71-72 (royal fruit size 15-20 mm) using the tool for determining the optimal number
of fruits per branch, ‘equilifruit’ (Figure 37, from INRA Montpellier, France).

Figure 37. A tool for determining the optimum fruit set of apple trees according to the number
of mixed buds (fruiting shoots) per basal diameter of ‘equilifruit’ branches (right, photo: Ludék
Lanar). Left, illustration of practical application.

In the experiment, 7 irrigation treatments shown in Table 2 were evaluated. The total water
application in the experiment depended on the weather conditions (Figure 38A) and reached
values of 298 mm (2019), 54 mm (2020), 196 mm (2021), and 273 mm (2022) in each spe-
cific year.

Table 2. List of irrigation options evaluated, application rates during the season, and fruit set.

Treatment  Irrigation rate Period Fruit set

C-0 Non irrigated during the growing season  with full fruit set
ETc-50 50% full rate during the growing season  with full fruit set
ETec-75 75 % full rate during the growing season  with full fruit set
ETc-100 100% full rate during the growing season  with full fruit set
ETc-200/0  200/0 %! full rate during the growing season  with full fruit set
RDI-50 100/50 %?2 full rate BBCH3 72-77 with full fruit set
RDI-50a 100/50 % full rate BBCH 72-77 with 50-60 % fruit set

Yearly application of 200% of dose on every second irrigation date.
’Managed deficit irrigation with 50% irrigation rate at BBCH 72-77
3BBCH 72-77 — period from 20mm King's fruit size to 70% of final fruit size (mid-June to early August)
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In terms of yearly assessment, 2019 was the hottest year with the greatest rainfall deficit,
with the dry period occurring mainly in the months of June and July. In contrast, the coolest
and wettest period of the growing season was observed in 2020. The weather pattern was
reflected to some extent in the soil moisture conditions, specifically for the treatments with
limited or no irrigation water supply. The lowest soil moisture (Figure 38B) was observed
for the non-irrigated treatment C-0 and to a lesser extent for the irrigated treatment ETc-50
and ETc-200/0, which fell below 60% of the AWC in summer 2019, spring 2020 and fall
2022.
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Figure 38. Daily trends in (A) irrigation, rainfall, and crop evapotranspiration in mm and (B) soil
moisture at 30cm for ‘Gala Brookfield’ apple trees in 2019-2022.

Table 3 shows the economic characteristics of ‘Gala Brookfield’ apple trees over the
evaluation period, in particular the results related to yield, growth expressed as trunk
cross-sectional area (TCSA) and total tree load per unit of TCSA. Table 3 shows that in
2019, the effect of the intense drought did not affect total yield or tree fruit load. However,
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as can be further seen in Figure 39, the drought in 2019 significantly affected the final fruit
caliber, especially those meeting the first quality requirements, i.e., larger than 70 mm. In
this respect, the size of the fruit increasingly depended on the total amount of irrigation. The
exception are the apple trees in the RDI-50 treatment, which, despite the same amount of
water as in the RDI-50a treatment, also produced a lower proportion of quality apples. In
this case, the decrease in quality was due to the different fruit load on the trees, with half the
number of fruits in the RDI-50a treatment compared to the other treatments. The high fruit
set therefore resulted in higher water consumption.

Table 3. Flowering intensity, average annual yield, trunk cross-sectional area, tree load in number
of fruits and specific yield per unit trunk area of ‘Gala Brookfield’ apple trees

. . Number Number Yield
Year  Variant Flow_erlng Yield of fruit TCS2A of fruit efficiency
(1-9) (kg/tree) per tree (cm?) (pc/cm?2) (kg/cm?2)
C-0 83a 28.04ab 211.4ab  12.8ab 16.67 a 221a
ETe-50 8.2a 2629b  184.2bc 11.6b 16.27 a 231a
ETc-75 7.0a 27.74b  187.7bc 11.2b 16.67 a 247 a
2019 ETc-100 7.8 a 25.61b  175.5bc 11.0b 16.25 a 239a
ETc-200/0 7.7 a 2699b 1773bc 123 ab 14.70 a 224 a
RDI-50 74 a 3504a  251.0a 15.6a 16.72 a 232a
RDI-50a 8.0a 25.16b  157.8¢ 12.2 ab 13.15a 2.09a
C-0 47D 16.97¢ = 105.7b 16.7 ab 6.35¢ 1.03b
ETc-50 46D 1590c 105.1b 153D 7.22 be 1.09b
ETc-75 6.3 ab 22.89a 1555a 1420 11.13 a 1.64 a
2020  ETc-100 5.6 ab 1893b 1263 ab 142b 8.98 ab 1.36 ab
ETc-200/0 6.1 ab - - 16.1 ab - -
RDI-50 5.7 ab 2294a 1493 a 21.2a 7.14 be 1.10b
RDI-50a 6.6a 23.64a 159.1a 16.0b 10.09 a 1.50 a
C-0 8.1a 17.88a  112.1a 17.7b 6.35a 1.01 a
ETc-50 8.8a 18.25a  128.8a 15.5b 8.34a 1.19a
ETc-75 7.7 a 19.17a  1349a 16.1b 8.48 a 1.21a
2021 ETc-100 8.1a 1941a 135.1a 16.0b 8.55a 1.23 a
ETc-200/0 79 a 18.85a 1303 a 18.6 b 7.18 a 1.04 a
RDI-50 8.0a 2025a  127.6a 247 a 5.46 a 0.86 a
RDI-50a 7.7 a 18.62a 1219a 18.4b 9.36a 145 a
C-0 8.5a 219bc | 1149bc  22.6ab 5.15¢ 0.98d
ETc-50 8.6a 29.6 a 176.4 a 19.8b 922a 1.53a
ETc-75 85a 264ab  147.7 ab 184D 8.21 ab 1.47 a
2022  ETc-100 83a 25.5abc 1393 abc  183b 7.75 ab 142 a
ETc-200/0 8.2a 19.7 ¢ 104.5¢ 23.8 ab 4.59c 0.87b
RDI-50 83a 254 abc 154 ab 28.8a 5.70 be 095b
RDI-50a 9.0a 29.7 a 167.5 a 20.5b 8.51a 1.51a

Statistically significant differences at the a. = 0.05 level are indicated by different letters. The data are
compared separately in each column and for the years of interest.

126



Also noteworthy is the decrease in apple fruit set in the C-0 and ETc-50 treatments in the
following year, 2020, despite the wet conditions of the year. In this year, however, the fruit
growth was no longer reduced due to the lower apple tree load. In the moderately wet year
2021, yields and thus tree load was relatively balanced among the experimental treatments.
However, there was a trend towards a lower proportion of fruit with a caliber greater than
70mm, especially in the ETc-50 variety with half the water applied during the growing
season. The higher proportion of larger fruits in C-0 and RDI-50 is again more related to
their current fruit load. In 2022 yield was medium to high. Despite this, the apple trees eval-
uated in all treatments achieved a high proportion of fruit caliber over 70 mm. Therefore,
the threshold of tree load affecting fruit size caliber depends on the current physiological
state of the fruit trees and can vary from year to year. With a medium tree load in good con-
dition, apple trees can be considered somewhat resistant to short periods of drought. Field
experience has shown that the Gala Brookfield variety is more sensitive to drought than the
triploid Red Jonaprince variety, which tends to grow more vigorously and naturally produc-
es larger fruit under the same conditions.

2019 2020

ab

Weight proportion of fruit (%)
OCO0O0000000
OFRPNWRARUIONOOWOR

o
Weight proportion of fruit (%)
CO0O0000000
ORPNWRARUION0 WO

I\ N} \J O Q N P
G b " N 0Q\ f') <

< < & N ¥
< <</,\ «GW Qp
<
M Fruit size 65- mm M Fruit size 65-70 mm M Fruit size 70+ mm M Fruit size 65- mm M Fruit size 65-70 mm M Fruit size 70+ mm
2021 2022
a a a a

Weight proportion of fruit (%)
000000000
OFRLPNWARUIONOOR
Weight proportion of fruit (%)
000000000
ORLPNWPARULIONOOR

M Fruit size 65- mm M Fruit size 65-70 mm M Fruit size 70+ mm M Fruit size 65-mm M Fruit size 65-70 mm M Fruit size 70+ mm

Figure 39. Weight proportion of apples by size caliber evaluated in 2019-2022
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In conclusion, the following rules of thumb can be mentioned for the application of RDI in
apple trees:

» The irrigation strategy of regulated deficit irrigation is feasible in the temperate clima-
te and allows water savings of up to 20-25% under certain conditions.

» For Gala varieties, the maximum tree load at maturity should not exceed 120-132
fruits per tree (11 fruits/cm2 TCSA) at a canopy height of approximately 3.2 m.

» The moisture regime can be 50% evapotranspiration during the third growth phase
(BBCH 72-77),

» The moisture deficit should not exceed 20-25% of the annual evapotranspiration.
» Soil moisture should not fall below 75% in the rainy season and 60% in the dry season.

» Water supply should not be restricted during the growing season if high fruit set
(approx. 15-16 fruits/cm2 CSA) is maintained,

» The optimum tree load for triploid varieties, e.g. ‘Red Jonaprince’, may be higher, i.e.
150-160 fruits (11 fruits/cm2 TCSA).

3.3.1.3 Technical and technological equipment of the RDI

For the needs of the RDI, it is necessary to ensure that the irrigation system is properly
equipped and set up. The system requires an irrigation detail of a hose attached to a wire
in the middle of the row. Ideally, the irrigation hose that represents the irrigation system
detail should have 0.5m holes distance and a flow rate of at least 2.3 mm.h-1. A controller
connected to sensor equipment is required to control the irrigation and determine irrigation
needs. Sensors that measure soil moisture, meteorological data needed to calculate evapo-
transpiration, and/or sensors that monitor plant physiological parameters can be used.

3.3.2 Partial root zone drying

Partial root zone drying (PRD) strategy considers the spatial distribution of irrigation within
the root zone of fruit trees, whereby only a part typically a half of the root system is irrigated
at each watering.

3.3.2.1 Principles of the PRD Irrigation Strategy

The principle of this strategy is to provide sufficient water to only part of the root system,
while subjecting the other half of the root system to some degree of drought. Plants respond
physiologically to limited water availability and adjust their management of the moisture
provided by partially closing the stomata. This strategy is particularly used in arid regions,
where the entire row strip is usually irrigated, either by sprinklers or by a two-armed drip
system (Figure 40) distributed on both sides of the fruit tree trunk. This strategy has the
undeniable advantage of increasing the area of suitable moisture conditions and thus the
space for potential root development. Alternating irrigation on each side allows both irrigat-
ed sides of the soil profile to remain at least partially moist, preventing significant drought
stress from developing. At the same time, the entire soil surface of the flanking strip is not
uniformly wetted. This allows evaporation to be regulated and limits irrigation water use
while maintaining fruit production volume and quality.
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Figure 40. Illustration of irrigation system detail with two drip hoses running parallel along
the row on either side of the fruit tree trunks. The center hose in the illustration is dummy.

3.3.2.2 PRD operating conditions

In practice, the PRD irrigation strategy allows a water saving of 25-50% in dry conditions
when irrigating the entire row strip. However, in temperate climatic conditions, the im-
portance of this strategy is marginal for the time being, as orchards are usually irrigated
with only one drip hose. On the other hand, in drier areas or in extremely dry years, this
system can potentially compensate for the above-mentioned problems with irrigation of
fruit trees using current systems. In general, the safe use of partial root system irrigation in
orchards requires that the strategy be adapted to the current moisture conditions of the site
and the management of the orchard. Again, certain conditions must be met when applying
the method.

Moisture Regime

In the above strategy, irrigation is applied alternately to each side of the root system. Irrigation
should correspond to a full dose of water applied through a central drip hose. The moisture
content of the irrigated portion of the soil should not fall below 70% of the available water
capacity. In the non-irrigated part of the soil, the moisture content should generally not fall
below 50% of the AWC. Of course, as in the previous strategy, water rates or the interval
between irrigation starts can be regulated according to the weather pattern, i.e., the ratio of
rainfall to evapotranspiration. Again, the water deficit determined by evapotranspiration
should not exceed 45% of the usable water capacity of the soil in the root zone.
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Orchard management

As part of orchard management, it is useful to ensure that the soil surface is maintained and
that the orchard is adequately thinned, although the irrigation method ensures better root
zone coverage and thus potentially less risk of water shortage to ensure good yield and fruit
quality.

When changing from a system with one drip tube to two with a distance of more than 60 cm,
a period of 2-3 years must be allowed for the roots of the fruit trees to adapt to the new
distribution of the irrigation water applied during which the roots may absorb the water pro-
vided less efficiently. This is due to a preference for root growth in the previous narrower
irrigation zone.

3.3.2.3 Technical and technological equipment of the PRD

The strategy of partial root zone irrigation requires that the irrigation system is properly
equipped and set up. The operation of the system is more demanding on the technical design
of the irrigation system detail, which consists of two hoses. A manifold and shut-off valves
must be installed between the hoses to regulate the flow of water through each arm to operate
autonomously. The irrigation hoses should ideally have openings of 0.5 m and a flow rate of
at least 2.3 mm.h-1. Again, a controller connected to sensors is needed to control the irriga-
tion and determine the irrigation needs. Sensors that measure soil moisture, meteorological
data needed to calculate evapotranspiration, and/or sensors that monitor plant physiological
parameters can be used. If soil moisture sensors are used, they should be installed in paral-
lel under each irrigation arm so that the soil in both the irrigated and non-irrigated parts of
the root zone can be monitored. The different methods can be combined as appropriate for
proper calibration.

4 DETERMINATION OF NOVELTY OF THE PRACTICES

This publication describes and extends the knowledge of the rules and principles for deter-
mining the irrigation needs of orchards by measuring and evaluating soil moisture, water
balance, and the physiological response of fruit trees to drought stress conditions. It provides
guidance on the implementation of these methods, including instrumentation, installation
and operation procedures, data interpretation, irrigation automation options, and the ad-
vantages and limitations of these approaches. The methodology also includes a description
of the possibilities of unmanned crop imaging to locate irrigation needs within an orchard.
Basic and alternative irrigation strategies to increase the efficiency of irrigation expendi-
tures are also described. Within the framework of these deficit strategies, the methodology
describes new research results and takes these experiences into account when setting condi-
tions for the use of deficit irrigation strategies.
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5 DESCRIPTION OF THE METHODOLOGY APPLICATION

The methodology is intended for fruit tree growers and specialized technology and con-
sulting companies in the field of predicting irrigation needs of fruit trees. The publication
provides a comprehensive guide describing the methods available for determining irrigation
needs, determining the required rate, and basic irrigation strategies. For each method, the
concepts, technical design, functionality, including a description of possible advantages,
risks, and possibilities of operational use in orchard practice are always given. In this way,
users can familiarize themselves with existing and modern approaches to fruit tree irrigation
and apply them in practice for irrigation management in their orchards.

6 ECONOMIC ASPECTS

Irrigation water is one of the most important resources in agriculture. Optimizing the use
of methods to determine the need for irrigation, its appropriate rate, and the possible use of
alternative irrigation strategies effectively increases the efficiency of irrigation and is one
of the important steps towards precision agriculture. Considering the different accessibility
to water resources, technologies, and methods in irrigation management, the contribution
of the methodology may vary among the regions of the world. However, by combining the
practices described in this methodology, 15-30% of the water used to irrigate fruit trees
can be saved in some cases without negatively affecting the quantity and quality of their
fruit production. On the other hand, irrigation can effectively increase both fruit yield by
5-15% under temperate climate conditions and, above all, fruit quality parameters such as
average fruit size by up to 30%, depending on the year. For quantifying, the benefits can be
described in conditions of the Czech Republic orchards. Thus, assuming the results will be
applied to at least 12.5% (1,330 ha) of all nut and stone fruit growing areas, corresponding
to 10,642 ha (Némcova and Buchtova, 2022), with an average saving of irrigation water of
50-100 m3-ha-! it is possible to save up to 1 064 200 m3 of water annually. In addition,
provided the production of fruit quality class I increases by e.g., 15% with an average market
price of 0.70 €.kg-1, the profit will increase by 3.14 million €. Adding up the above-mentioned
savings and the higher profit from the realization of better quality fruit production in dry
years that occur in our conditions every 2-3 years, a five-year yield of up to 7.84 million €
can be expected.
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