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1. Streszczenie

Sosna zwyczajna (Pinus sylvestris L.) jest jednym z dominujacych gatunkéw drzew
w lasach strefy umiarkowanej i borealnej w Europie. Ze wzgledu na zmiany klimatu lasy
sosnowe moga by¢ narazone na dotkliwe deficyty wody. W Polsce dotyczy to zwlaszcza
poinocno-zachodniej 1 centralnej czgsci kraju, ktore obecnie posiadajg jedne z najnizszych
zasobow stodkiej wody na mieszkanca sposrod wszystkich krajow Unii Europejskie;.

Celem niniejszej pracy byto: ustalenie trendow wystepowania suszy w latach 1951-2015
dla wybranych krajow Europy srodkowej, okreslenie wplywu suszy na obieg wody 1 wegla w
drzewostanach sosnowych, w szczegolnos$ci na ich transpiracj¢, wzrost biomasy drzewostanow,
fotosyntezg, a takze zalezno$ci migdzy tymi procesami — zarOwno w skali drzewa jak
1 ekosystemu.

Trendy nasilania suszy meteorologicznych w Europie zostaly wykryte w wyniku analizy
zmian wskaznika SPEI (Standardized Precipitation and Evapotransspiration Index), ktory
bierze pod uwage nie tylko opady, ale takze warunki termiczne warunkujace intensywnos$¢
ewapotranspiracji. W badaniach postuzono si¢ pomiarami metodg kowariancji wirow (EC) do
oceny wymiany pary wodnej 1 dwutlenku wegla w skali ekosystemu oraz metodg przeptywu
sokow, do oceny transpiracji w skali drzewa 1 drzewostanu. Pomiary byly prowadzone na
dwoch stanowiskach obejmujacych roznowiekowe monokultury sosny zwyczajne;.

W wyniku przeprowadzonych analiz ustalono, ze wystepowanie intensywnych susz
w obszarze Europy Srodkowej w ostatnich kilku dekadach ma trend wzrostowy. Wykazano
roOwniez, ze mierzona bezposrednio produkcyjno$¢ pierwotna netto (NPP) w milodym
drzewostanie sosnowym byla o okoto 0,6 t C-ha'! nizsza w roku suchym 2019 niz
w umiarkowanie wilgotnym 2020, podobnie jak szacowana efektywno$¢ wykorzystania wegla
(CUE). Ponadto wysoka efektywno§¢ wykorzystania wody (WUE) byla zwigzana z niska
zawarto$cig wody w glebie, co wskazuje, na silne ograniczanie utraty wody (transpiracji) przy
jednoczesnym utrzymaniu intensywnego pochtaniania CO; (fotosyntezy).

Istnieje przestanka, ze w okresach wystepowania suszy 1 poglebiajacych sie deficytow
wody, monitorowanie lasow pod katem obiegu wody i1 wegla, prowadzone w sposob
bezposredni w czasie rzeczywistym, bedzie miato coraz wigksze znaczenie nie tylko dla

gospodarki lesnej, ale takze lokalnego 1 globalnego bilansu wegla, wody 1 energii.

Stowa kluczowe: Sosna zwyczajna, transpiracja, fotosynteza, susza, kowariancja wirdéw,

przeptyw sokow



Abstract

Scots pine (Pinus sylvestris L.) is one of the dominant tree species in temperate and boreal
forests in Europe. Due to climate change, pine forests may be exposed to severe water deficits.
In Poland, this applies especially to the north-western and central parts of the country, which
currently have one of the lowest fresh water resources per capita among all European Union
countries.

The aim of this study was to determine trends in drought occurrence for selected Central
European countries during the period 1951-2015, determine the impact of drought on water
and carbon cycle at pine stands - in particular on their transpiration, stand biomass increase,
photosynthesis, as well as the relationships between these processes, both at an individual tree
and ecosystem scale.

Trends in the intensification of meteorological droughts in Europe were detected by
analyzing the course of SPEI index (Standardized Precipitation and Evapotransspiration Index),
which consider not only precipitation, but also thermal conditions determining the intensity of
evapotranspiration. The study used eddy covariance (EC) measurements to assess the exchange
of water vapor and carbon dioxide (CO.) on an ecosystem scale, and the sap flow method to
assess transpiration on a tree and stand scale. The research was carried out at two Scots pine
monoculture sites of different ages.

As aresult of performed analyses it was found that the occurrence of severe droughts in the
area of Central Europe has an upward trend in the last few decades. The analyzes also showed
that the directly measured net primary productivity (NPP) at the young Scots pine monoculture
was about 0.6 t C ha'! lower in the dry year of 2019 than in the moderately wet year 2020, as
was the estimated carbon use efficiency (CUE). In addition, high water use efficiency (WUE)
was associated with low water content in the soil, which indicates a strong reduction of water
loss (transpiration) while maintaining intensive CO> uptake (photosynthesis).

There is an indication that during periods of drought and water deficits, forest monitoring
in terms of water and carbon cycle, carried out in a direct and real-time manner, will become
increasingly important not only for forest management, but also for the local and global carbon,

water and energy balance.

Key words: Scots pine, transpiration, photosynthesis, drought, eddy covariance, sap flow



2. Wprowadzenie
2.1. Istotnos¢ problemu badawczego

Zaktocenia obiegu wegla 1 wody sa jednym z wazniejszych, negatywnych skutkow
globalnych zmian klimatu dotykajacych rézne ekosystemy. Z powodu ztozonych powigzan
pomiedzy biosferg i nieozywionymi elementami $rodowiska, a takze pewnych opoznien w
fancuchu przyczynowo - skutkowym, problem ten w dalszym ciggu pozostaje mato rozpoznany.
Przyczynia si¢ to do tego fakt, ze pojedyncze wystgpienia zjawisk ekstremalnych, takie jak
susza, sg w przestrzeni publicznej uznawane za objaw zmian klimatycznych (globalnego
ocieplenia). Tymczasem, trudno jest wskazaé, ze wystgpienie konkretnego ekstremalnego
zjawiska pogodowego jest bezposrednim skutkiem zmian klimatycznych. To wystepowanie
trendu - wzrost czestotliwosci 1 intensywnos$ci takich zjawisk, powinna by¢ kojarzona z
obserwowanym ociepleniem. Susza jest jednym z tych ekstremalnych zjawisk, wystepujacym
we wszystkich strefach klimatycznych 1 tym samym jednym z najpowazniejszych zagrozen
naturalnych (Vogt i Somma 2000). Juz na przetomie tysigcleci znaczne obszary Europy
doswiadczaty suszy (Lloyd-Hughes 1 Saunders 2002). Obserwowane ostatnio dotkliwe i
dtugotrwate susze ujawnity duza wrazliwos$¢ europejskich ekosysteméw, zwtaszcza lasow, na
to zagrozenie, ktore zostato dodatkowo spotegowane przez zaburzenia antropogeniczne, takie
jak zaktocenie cyklu hydrologicznego przez wylesianie lub niewlasciwa gospodarke lesna
(Martinez-Vilalta, Lloret i Breshears, 2012; Dai, 2013; Adams i in., 2015; Cailleret i in., 2017).

Lasy odgrywaja wazng role w globalnym obiegu wody 1 wegla, poniewaz zajmuja 30%
powierzchni ladowej. Z uwagi na to majg ogromny wptyw na klimat zaréwno w skali lokalne;,
jak 1 globalnej. Wymiana dwutlenku wegla (CO2) netto wigkszo$ci lasow jest dodatnia, co
oznacza, ze CO> jest usuwany z atmosfery, co tagodzi ocieplenie klimatu. Ponadto, uwalniajac
par¢ wodng w procesie zwanym ewapotranspiracja (ET), mogg przyczynia¢ si¢ do dalszego
»ochladzania” atmosfery. Te niezwykle wazne 1 pozyteczne funkcje ekosystemow lesnych
moga by¢ jednak zagrozone na skutek zaklocen obu cykli (wegglowego 1 wodnego)
spowodowanych przez czestsze 1 dotkliwsze susze. Rodzi to potrzebeg bardziej szczegdtowego
(w skali ekosystemu) zbadania poszczego6lnych sktadowych strumieni wymiany masy i energii
pomiegdzy ekosystemami a atmosfera w r6znych warunkach rezimu wodnego. Warto réwniez
zauwazy¢, ze podziat strumieni CO; (na produkcje netto i oddychanie) zostat znacznie lepiej
zbadany 1 jest znacznie czg¢$ciej stosowany niz podziat strumieni pary wodnej (na transpiracje
1 ewaporacje¢). To ostatnie byto jednym z gtéwnych celéw prezentowanej pracy.

Wyniki analiz, poréwnujacych 81 opublikowanych badan dotyczacych podziatu ET na jego

gtowne komponenty — transpiracje (T) 1 parowanie (E) — w skali ekosystemu wykazaty, ze



globalnie transpiracja stanowi $rednio 61% (£15% odchylenia standardowego, SD) ET
(Schlesinger 1 Jasechko, 2014). Oszacowano takze, ze globalnie T stanowi ~39 + 10% sumy
opadow atmosferycznych (P). Transpiracja to strumien skierowany z powrotem do atmosfery,
a tak duzy udziat w calkowitej wartosci ET $wiadczy o tym, ze jest to dominujace ogniwo
w globalnym obiegu wody. Procentowy udziat sktadowych strumieni ET jest oczywiscie rozny
dla roznych ekosystemow. Przyktadowo, dla lasow iglastych strefy umiarkowanej obliczono,
ze stosunek T/ET wynosit §rednio 55 (£15% SD) (Schlesinger i Jasechko, 2014). Poniewaz
transpiracja jest migdzy innymi regulowana przez aktywnos$¢ aparatow szparkowych, co
oznacza, ze jest to nie tylko proces fizyczny, ale przede wszystkim biologiczny (w
przeciwienstwie do ewaporacji, ktora jest procesem czysto fizycznym; (Gu i in., 2018) — jest
takze najwazniejszg sktadowa lesnego bilansu wodnego a jej badanie jest istotne z punktu

widzenia gospodarki lesnej.

2.2. Braki we wspolczesnej wiedzy w zakresie podjetej tematyki

Kwantyfikacja bilansu wegla ekosystemow ladowych, a zwlaszcza potencjatu sekwestracji
wegla przez lasy 1 mozliwosci wykorzystania tych ekosysteméw do tagodzenia zmian
klimatycznych, byta przedmiotem licznych badan (Lewis 1 in. 2009; Malhi 1 in. 2009; Kunert
1 in. 2019). Produktywnos¢ ekosystemu lesnego znajduje odzwierciedlenie w skutecznos$ci
usuwania CO; z atmosfery i magazynowania w¢gla w materii organicznej. Zwykle catkowita
ilos¢ wegla pochtonigtego przez ekosystem lesny w procesie fotosyntezy (produktywnos¢
pierwotna brutto, GPP) oraz wegiel, ktory pozostat w roslinie, jako saldo produkc;ji pierwotne;j
brutto pomniejszonej o oddychanie roslin (tzw. produktywnos$¢ pierwotna netto, NPP) sa
przyjetymi miarami tej efektywnos$ci (Clark i in., 2001; Kunert i in., 2019). Obserwacja
1 okreslenie, jak zmienia si¢ funkcjonowanie lasoéw wraz ze wzrostem czgstotliwosci
wystepowania i intensywnosci susz, jest kluczowe dla prawidlowego oszacowania catkowitego
potencjatu sekwestracji CO; przez ekosystemy ladowe. Ponadto, poniewaz cykle wegla 1 wody
sg sprzgzone poprzez aktywnos$¢ aparatdéw szparkowych — asymilacje CO, w procesie
fotosyntezy 1 utrate¢ H>O podczas transpiracji — konieczne jest zbadanie wzajemnych relacji
1 sprzezeh pomigdzy tymi procesami. W zwigzku z tym efektywnos$¢ wykorzystania wody
(WUE), jako stosunek migdzy absorpcja CO2 w procesie fotosyntezy a utrata wody w wyniku
transpiracji, stata si¢ waznym wskaznikiem, zwtaszcza w warunkach suszy (Farquhar, O’Leary
i Berry, 1982; Gao i in., 2017).

Wigksza czg$¢ obszaru Polski jest narazona na wystgpowanie susz meteorologicznych,

ktore wptywaja na i tak juz niekorzystny bilans wodny oraz skutkujg suszami glebowymi, ktore



dotykaja w szczegolnosci lasy (Boczon 1 Wrobel, 2015). Wykazano, ze susza wptywa na
wymian¢ CO» z atmosferg poprzez oddzialywanie zaro6wno na oddychanie jak i fotosynteze (M.
Reichstein i in., 2013). W literaturze wskazuje si¢ réwniez na fakt, ze globalnie ekstremalne
zjawiska pogodowe (zwlaszcza susza) mialy znacznie wigkszy wpltyw na bilans wegla niz
wczesniej zaktadano (Markus Reichstein i in., 2013), zmniejszajac asymilacje ekosystemow
ladowych o nawet 11 miliardéw ton CO>. Ponadto, to wiasnie susza jest gldwnym czynnikiem
powodujacym $miertelno$é sosny zwyczajnej, zwlaszcza w Europie Srodkowej w klimacie
umiarkowanym (Buras i in., 2018).

Badania przedstawione w niniejszej pracy sg kompleksowym spojrzeniem na opisane
wyzej zagadnienia. Przedstawiono tu zastosowanie kilku niezaleznych metod, ktoére pozwalaja
w sposOb bezposredni lub posredni oszacowac wartosci nie tylko strumieni wymiany netto
wegla 1 pary wodnej pomigdzy lasem sosnowym a atmosferg, ale takze ich sktadowe. Za
warto$¢ dodang pracy mozna rowniez uznaé to, ze podobnych badan dla drzewostanow
sosnowych nie prowadzono dotychczas w Polsce, a na $wiecie jedynie w ograniczonym

zakresie, zardwno jesli chodzi o czas, jak 1 o rodzaj ekosystemu objete badaniami.

2.3. Zakres pracy

W pracy dokonano oceny wykorzystania wskaznikow suszy do wyznaczenia wieloletnich
trendow wystepowania suszy w strefie umiarkowanej w Europie (publikacja #1). Stato si¢ to
przyczynkiem do badan reakcji najliczniejszych w naszym kraju drzewostanéw sosnowych na
ograniczenia w dostepie do wody, rozumiane jako zaktocenia sktadowych obiegu wody 1 wegla
poprzez ogniwo atmosferyczne. Wsrod ujetych w badaniach sktadowych wspomnianych
obiegow, znalazly si¢: transpiracja (T), ewapotranspiracja (ET), stosunek opadéw (P) do
transpiracji (T), produktywnos$¢ pierwotna brutto (GPP), produktywno$¢ pierwotna netto
(NPP), oddychanie ekosystemow (Reco) (publikacja #2, #3), a takze interakcje miedzy tymi
strumieniami wyrazone jako: efektywno$s¢ wykorzystania wody (WUE), efektywnos¢
wykorzystania wegla (CUE) (publikacja #3). Ponadto, poréwnano dwa oszacowania
transpiracji: wykorzystujace pomiary przepltywu sokéw (Tsr) 1 uzyskang przez wyodrebnienie
ze strumienia ewapotranspiracji (ET), zmierzonego systemem kowariancji wirow (EC) (Tkc).
Wymienione sktadowe obiegu wody 1 wegla w lesie dla wygody czytelnika przedstawiono
schematycznie na Ryc. 1. Skrocony opis miejsca badan i1 metodyki zamieszczono w

podrozdziale 4.7.
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Rycina 1. Schematy obiegu wody (po lewej) 1 wegla (po prawej), zmodyfikowane na podstawie (Straka
i Layton, 2010; Riebeek i Simmon, 2011). Elementy stanowigce przedmiot badan w tej rozprawie
doktorskiej to przede wszystkim - Ewapotranspiracja catego ekosystemu ET (ilo$¢ pary wodnej
uwalnianej do atmosfery); Transpiracja — para wodna uwalniana do atmosfery poprzez aparaty
szparkowe w lisciach, GPP — produktywnos$¢ pierwotna brutto (ilos¢ CO> pochtonigtego podczas
fotosyntezy), NPP — produktywnos¢ pierwotna netto (ilos¢ CO, wbudowanego w biomas¢ roslinng),
Reco — catkowite oddychanie ekosystemu (ilos¢ CO, wyemitowanego tacznie w wyniku oddychania

auto- 1 heterotroficznego).

2.4. Cele

Nadrzednym celem pracy byto przedstawienie znaczenia monitorowania zalezno$ci
strumieni wymiany wegla 1 wody od wystgpowania suszy w ekosystemie lesnym réznymi
metodami. Wiele wysitku poswigcono uzyskaniu solidnych szacunkéw transpiracji (T), jako
skuteczniejszego wskaznika stanu funkcjonowania lasow podczas suszy, w poréwnaniu do
powszechnie stosowanego catkowitego strumienia wody wymienianego z atmosfera (ET).
Wydaje si¢, ze drzewostany, ktore z powodzeniem monitorowane sg jedynie stosunkowo
kosztownymi systemami kowariancji wirdw, powinny by¢ wsparte rOwniez pomiarami na
poziomie pojedynczych drzew, ktore daja wglad w szczegdly mechanizmu transportu wody
w drzewach, pozwalajac na obserwacje ich reakcji na zmieniajgce si¢ warunki pogodowe.

Biorac pod uwage powyzsze, szczegolowe cele pracy doktorskiej ujeto w nastepujacych

sformutowaniach:



(1) Okreslenie trendow w czestotliwosci i intensywnoséci suszy w Europie Srodkowej
1 Wschodniej, gdzie sosna zwyczajna stanowi jeden z gtéwnych gatunkow lasotworczych.

(2) Okreslenie wplywu suszy na transpiracj¢, fotosynteze, wzrost biomasy oraz ich wzajemne
relacje wyrazone efektywno$cig wykorzystania wegla 1 wody w wybranych ekosystemach
sosnowych.

(3) Okreslenie przydatnosci pomiardw przeptywu sokéw na poziomie poszczegolnych drzew

w diagnostyce funkcjonowania lasu w skali ekosystemu, zwlaszcza w warunkach suszy.

2.5. Hipotezy
W wyniku przeprowadzonych badan literaturowych 1 w zwiazku z rozpoznanymi lukami
w wiedzy, przed rozpoczeciem badan sformutowano nastepujace hipotezy:

1. wzrostowy trend wystgpowania i intensywnos$ci suszy w ciggu ostatnich 50 lat bedzie
wyraznie widoczny takze w Europie Srodkowo-Wschodniej, dla ktorej nie jest to
charakterystyczna cecha klimatu (publikacja #1)

2. ekstremalna susza, jaka wystgpita w poszczegdlnych miesigcach 2019 roku na
badanych obszarach lesnych, miata istotny wptyw na transpiracj¢ tych drzewostanow,
fotosynteze, efektywnos$¢ wykorzystania wody 1 wegla oraz przyrost nowej biomasy
(publikacja #2 i #3).

3. transpiracja (T) oszacowana na podstawie pomiarow przeptywu sokow (Tsr) jest
bardziej odpowiednia do wykrywania skutkow wywotlanych susza niz T uzyskane

z pomiaro6w metodg kowariancji wirow EC (Tec) (publikacja #3).

2.6. Znaczenie prezentowanych badan

Globalne ocieplenie prowadzi do zaburzen obiegu wegla 1 wody. Zaburzenia te moga by¢
widoczne w rdznych skalach czasowych 1 wplywac na stan ekosystemoéw, ich trwato$¢ oraz
zdolnos¢ do akumulacji 1 magazynowania wegla. Nie jest do konca jasne czy globalne
ocieplenie spowoduje tendencje do zwigkszania czestotliwosci 1 dotkliwosci susz w strefie
umiarkowanej. Publikacja #1 byta probg weryfikacji tego stwierdzenia. Uzyskane wyniki zdaja
si¢ potwierdza¢ tendencje wzrostowg czestosci wystepowania tych niekorzystnych zjawisk, co
wigze si¢ z hipoteza nr 1. W zwigzku z tym w publikacji #2 1 #3 podjeto badania majace na celu
odpowiedz na pytanie, w jaki sposob nasilenie zjawiska suszy wplywa na obieg wegla 1 wody

w roznowiekowych drzewostanach sosnowych w potnocno-zachodniej Polsce.



Praca ta przyczynia si¢ zatem do lepszego zrozumienia procesow wplywajacych na obiegi
wegla 1 wody w kontinuum gleba-roslina-atmosfera na przyktadzie powszechnie
wystepujacego w Europie gatunku lasotwoérczego w warunkach suszy. W $wietle
postepujacego ocieplenia klimatu oraz potrzeby dywersytfikacji metod rownowazenia emisji,
podjeta tematyka zyskuje coraz wicksze znaczenie, chociazby w kontekscie potrzeby
prognozowania stanu Srodowiska na podstawie dostepnych baz danych czy identyfikowania
zagrozen mogacych wptywac na stan i funkcjonowanie ekosystemow naturalnych. Wszystkie
powyzsze problemy badawcze majg charakter interdescyplinarny, wpisuja si¢ zaréwno
w obszar zainteresowan dyscypliny inzynieria Srodowiska, gornictwo 1 energetyka jak

1 lesnictwo.

2.7. Wprowadzenie do zastosowanej metodologii

Dane empiryczne, ktére postuzyly do dalszej analiz, pozyskano z dwoch powierzchni
badawczych zlokalizowanych w monokulturowych drzewostanach sosnowych (Pinus
sylvestris L.): ,,Tuczno” - TU (Nadle$nictwo Tuczno) - drzewostan w wieku 68 lat oraz
mtodszym ,,Mezyk” - ME (polska pisownia ,,Me¢zyk”, jednak dla zachowania zgodnos$ci
z artykulami zastosowano pisowni¢ bez polskich znakéw diaktrycznych, Nadle$nictwo
Potrzebowice) w wieku 26 lat w czasie prowadzenia badan.

Sposéb obliczania standaryzowanego klimatycznego bilansu wodnego SPEI oraz
wskazanie bazy danych, z ktérej mozna go pozyskac¢ na potrzeby oszacowan w skali lokalne;,
przedstawiono w publikacji #1. Bezposrednie pomiary strumieni wymiany CO; i1 H>O
przeprowadzono za pomocg systemow kowariancji wiréw (EC). W obszarze zrédtowym (ang.
footprint)* systemoéw EC (*reprezentatywny obszar ,,widziany/analizowany” przez system EC)
umieszczono system do pomiaru przeptywu sokéw oraz dendrometry opaskowe do pomiaru
zmian piersnicy (na 25 drzewach na kazdej powierzchni badawczej). Przeptyw sokow (ang.
sap flow) zostal zmierzony technikg pomiaru propagacji impulsu termicznego w tkance
przewodzacej pnia. W celu wyznaczenia biomasy drzew, wykorzystano pomiary biometryczne
przeprowadzone na stanowisku Mezyk. Utworzono rownania allometryczne korelujace a)
catkowitg suchg biomase drzew [kg] z piersnicg (M1), jak rowniez korelujgce suchg biomase
wydzielonych poszczegdlnych czesci drzewa 1 piersnicy (M2). Ponadto, wykonano
podstawowe pomiary meteorologiczne, glebowe. Metodyka pomiaru i obliczen zostata
szczegbtowo opisana w artykutach #2 1 #3. Zastosowane w pracy doktorskiej metody
pomiarowe — od drzewostanu do skali pojedynczego drzewa — przedstawiono schematycznie

na Ryc. 2.
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Rycina 2. Schemat systemu pomiarowego na powierzchniach badawczych w Tucznie

i Mezyku.
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3. Wyniki
3.1. Ocena trendow intensywnosci i czestotliwosci wystepowania

SUszZy
Standaryzowany klimatyczny bilans wodny (SPEI) oraz znormalizowany wskaznik opadow
(SPI) sg powszechnie stosowane do diagnozowania 1 monitorowania intensywnosci
1 czgstotliwosci wystepowania suszy (Begueria, Vicente-Serrano i Angulo-Martinez, 2010;
Vicente-Serrano, Begueria 1 Lopez-Moreno, 2010; Vicente-Serrano i in., 2012; Bezdan i in.,
2019). W niniejszej pracy indeksy SPEI 1 SPI zostaly obliczone dla 6 lokalizacji w Europie
(Essen, Berlin, Warszawa, Pecz, Kijow, Moskwa), dla lat 1950-2015 (publikacja #1). Analiza
wynikéw pozwolita wykazaé, ze warunki termiczne 1 opadowe oraz ewapotranspiracja
potencjalna miaty tendencje rosnaca dla wszystkich lokalizacji (co jest zgodne z wynikami
(Spinoni i in., 2019)). Wykazano istotne 1 pozytywne trendy $redniej rocznej temperatury
powietrza, przy czym najsilniejszy trend wzrostowy odnotowano dla Moskwy. Najwazniejszy
wynik dotyczacy intensywnosci 1 czgstosci suszy w Europie w strefie umiarkowanej
przedstawiono na Ryc. 3. Trend SPEI sugeruje, ze we wszystkich badanych lokalizacjach susze
— nie tylko meteorologiczne, ale przede wszystkim glebowe — najprawdopodobniej bedg miaty

w najblizszej przysziosci jeszcze bardziej dotkliwy charakter.
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Rycina 3. Sredni wskaznik SPEI dla pentad w skali 6-miesiecznej, dla wszystkich zdarzen
o wartosci wskaznika ponizej 0, w miesigcach letnich — czerwcu, lipcu i sierpniu. Zrédto: Ryc. 7¢ w

publikacji #1 (Dukat i in., 2022).

Wskaznik SPEI  wykorzystano rowniez do okreslenia intensywnos$ci suszy
w poszczegbdlnych miesigcach w latach 2019 - 2020 na powierzchniach badawczych Mezyk

1 Tuczno (publikacja #2). Na Ryc. 4 przedstawiono wynik dla powierzchni badawczej Mezyk.
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Z ryciny tej wynika, ze w badanym okresie susza o r6znym nasileniu wystepowala przez
wieksza cze$¢, istotnego z punktu widzenia funkcjonowania ekosystemu, sezonu
wegetacyjnego. Najintensywniejsze susze wystapity w kwietniu i czerwcu oraz sierpniu 2019
r. Rok 2020 byt bardziej wilgotny, jednak rowniez w tym roku w kwietniu 1 maju stwierdzono

susze. Wystepowanie tak intensywnej suszy na poczatku sezonu wegetacyjnego jest

szczegolnie niekorzystne dla wzrostu drzew.
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Rycina 4. Wartosci SPEI (Standaryzowany klimatyczny bilans wodny) oszacowane w skali 3-
miesicczne] w okresie 1981-2020 (gorny panel) i 2019-2020 (dolny panel) dla poszczegdlnych
miesiecy. Okres referencyjny — 1950-2020, na podstawie bazy danych SPEI Global Drought Monitor
(Vicente-Serrano, Begueria i Lopez-Moreno, 2010). Zrodto: Ryc. 5 w publikacji #1 (Dukat i in., 2021).

3.2. Przyrost biomasy i efektywnos$¢ wykorzystania wegla (CUE)
drzewostanow sosnowych w warunkach suszy

W wyniku wyzej opisanych analiz wskazano, ze lata 2019 1 2020 (dla ktorych dostgpna byta

petna baza danych) roznily si¢ liczbg 1 stopniem nasilenia okresow suszy. Poréwnano wyniki
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sredniego przyrostu piersnicy drzew, przyrostu biomasy drzewostanow oraz wskaznika
efektywnosci wykorzystania wegla CUE, otrzymane na powierzchni badawczej Mezyk w tym
okresie. Roznice w catkowitym przyroscie piersnicy przecigtnego drzewa zaobserwowano
zwlaszcza w sierpniu 2019 roku, ktory wg wskaznika SPEI byl miesigcem ekstremalnie suchym
(SPEI< -2) (Ryc. 4, Ryc. 5a). W takich warunkach stres wodny doprowadzil zar6wno do
odwracalnego kurczenia si¢ pnia (co zwigzane jest z wigkszym gradientem mig¢dzy
zapotrzebowaniem wody a wodg dostepng; (Zweifel, Item 1 Hasler, 2000; Gliney i in., 2020),
jak 1 znacznego zahamowania przyrostu biomasy w tym najistotniejszym dla produkcji
pierwotnej netto okresie. W 2019 r. pier$nica przecietnego drzewa zwigkszyla si¢ o 0,14 mm,
aw 2020r. 00,16 mm. Przeliczajac te roznice (0,02mm) w rocznym przyroscie piersnicy drzew
na jednostke powierzchni, przy liczbie ponad 4200 drzew na hektar, mozna oszacowac, ze
przelozyla si¢ ona na zmniejszenie akumulacji wegla w biomasie az o 0,6 tony na hektar
w suchym 2019 roku w poréwnaniu do przeci¢tnie wilgotnego 2020 (Ryc. 5a).

Na podstawie pomiarow 1 analiz zaprezentowanych powyzej, przy wykorzystaniu rownan
allometrycznych stwierdzono, ze bezwzgledny przyrost suchej biomasy pojedynczego drzewa
na powierzchni badawczej Mezyk, wyniost okoto 0,9 kg w 2019 r. 1 1,2 kg w 2020 r. (w
zaleznosci od zastosowanego roéwnania allometrycznego, opracowanego i przedstawionego
w publikacji #2, w Tabeli 1). Przyrost suchej biomasy drzew w przeliczeniu na jednostke
powierzchni badanego drzewostanu wyniost ok. 4,3 /4,4 t C ha' w 2019 r. i 5,5/5,7 t C ha’!
w 2020 r. (obliczone odpowiednio metodg rownan allometrycznych M1 / M2). Uwzgledniajac
zawartos¢ wegla w suchej biomasie drzewnej, roczna wartos¢ wegla zasymilowanego
1 wbudowanego w tkanki nowo wytworzonego drewna (NPP) w skali catego ekosystemu
osiggneta 2,1/2,2 t C ha! w 2019 1.12,7/2,8 t C ha' w 2020 r. Pomimo, iz NPP bylo wyzsze
w 2020 r., catkowita roczna warto§¢ CO; pochtonigtego w procesie fotosyntezy (strumien
GPP), zarowno w sezonie wegetacyjnym, jak 1 w okresie przyrostu biomasy drzewa (B — Ryc.
5) byl nieco wyzszy w 2019 r. Mimo to, wskaznik CUE, bedacy wzgledng miarg tego, ile CO»
pochlonigtego w procesie fotosyntezy zostalo trwale zwigzane i wbudowane w biomase drzew,
byto wyzsze w 2020 r. W badanym okresie wartosci CUE uzyskane dla okresu przyrostu
drewna (0,18/0,19 [-] w 2019 r.; 0,23/0,24 [-] w 2020) byly stosunkowo niskie, zblizone do
tych obserwowanych w lasach strefy borealnych (De Lucia i in., 2007). Na wykresie
zamieszczonym na rycinie 5 mozna réwniez zauwazy¢, ze start okresu, w ktorym w latach
2019-2020 ekosystem byt pochtaniaczem wegla, pokrywal si¢ z rozpoczgciem maksymalnego

skurczu zimowego pnia, ktory jest sygnalem pobudzenia aktywnos$ci drzew w nowym sezonie
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wegetacyjnym. Koniec okresu, w ktorym las byt pochtaniaczem CO; pokrywat si¢ z przejsciem

drzew do posezonowej fazy odpoczynku.
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Rycina 5. Gléwne momenty i okresy w procesie przyrostu drzew na podstawie bezposrednich
pomiardéw: a) dendrometrycznych (skala pojedynczego drzewa) oraz b) metoda kowariancji wirow
(skala catego ekosystemu). SG — przyrost pnia w ciggu roku, zwigzany z sezonowym wzrostem, MWC
— maksymalne zimowe skurczenie pnia, B — okres przyrostu biomasy drzewa, PO — punkt zerowy dla
biezgcego roku, odpowiadajacy punktowi kulminacji przyrostu w roku poprzednim, Reh — okres
rehydracji tkanek drzewa po maksymalnym zimowym skurczeniu pnia, terminologia przyjeta za
(Zweifel i in., 2010)), NEP — produktywno$¢ ekosystemu netto, CO, sink— okres, w ktorym ekosystem
byl netto pochtaniaczem CO; (okres sekwestracji wegla). Zrodto: Ryc. 5, Publikacja #2 (Dukat i in.,
2021).

3.3. Transpiracja i efektywnos¢ wykorzystania wody (WUE) lasow
sosnowych w warunkach suszy.

Oba oszacowane strumienie transpiracji (z pomiaréw przeptywu sokéw indywidualnych
drzew, przeskalowanych na caty drzewostan, Tsr 1 0szacowany na podstawie pomiarow metoda

EC wusredniony dla catego ekosystemu, Tgc) porownano w rdéznych warunkach
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higrotermicznych, w tym podczas ekstremalnej suszy. W okresie marzec-wrzesien 2019 r.,
ktory w nawigzaniu do publikacji 3# bedzie odtad nazywany sezonem wegetacyjnym, taczna
suma Tsr byla nizsza na powierzchni badawczej Mezyk (137 mm) niz Tuczno (189 mm),
(Ryc. 6). Podobnie, wartos¢ Tec wyniosta 222 mm 1 283 mm odpowiednio dla Mezyka
1 Tuczna. Zmierzone sumy ET roéwniez r6znily si¢ w zaleznos$ci od miejsca badan (287 mm
w Mezyku 1 389 mm w Tucznie). Mimo to udzial Tec w calkowitym strumieniu ET byt
poréwnywalny dla obu lokalizacji 1 osiggnat 0.77 dla Mezyka 1 0.73 dla Tuczna w sezonie
wegetacyjnym. Stosunek transpiracji oszacowanej druga metodg — przeptywu sokow — Tsp/ET
stanowil jednak tylko 0.49 strumienia ET zar6wno w mlodym, jak i dojrzaltym drzewostanie

sosnowym (Ryc. 6). Chociaz sumy opadow w sezonie wegetacyjnym byty prawie rowne dla

a) b)
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Rycina 6. Kumulowane krzywe sktadowych bilansu wodnego (WBC) w sezonie wegetacyjnym 2019 w
Mezyku (ME - a) i Tucznie (TU - b) w tym: ewapotranspiracja (ET), transpiracja oszacowana metodg
przepltywu sokow (Tsr), transpiracja obliczona na podstawie strumienia ET zmierzonego metoda
kowariancji wirdw (Tec), ewaporacja (Egc = ET - Tgc) 1 opad atmosferyczny (P). Wskazniki Tsi/ET,
Tec/ET 1 Tse/Tec przedstawiajg stosunki ich sumarycznych wartos$ci w okresie wegetacyjnym (marzec-
wrzesien). Dodatkowo, zmiany $rednich dobowych wartosci wilgotnosci gleby (SWC) przedstawiono

na osi Y umieszczonej po prawej stronie. Zrodto: Ryc. 4, Publikacja #3 (Dukat i in., 2023).

obu powierzchni badawczych, stosunek transpiracji do opadu - Tsg/P osiagnat 0.74 dla Mezyka
1 az 0.95 dla Tuczna. Suma Tgc w obu przypadkach przekroczyta sum¢ opadow w sezonie
wegetacyjnym w 2019 r. Odwrotnie bylo w przypadku opadéw rocznych ogdtem, co moze
wskazywac na koniczno$¢ wykorzystywania wody zmagazynowanej w pniu 1 glebie w cieplej
porze roku (Ryc. 6).

Do wskazania wystgpienia suszy w skali dobowej wykorzystano pomiary wilgotnos$ci
gleby/zawartosci wody w glebie (SWC). Gdy w okresie letnim SWC na glebokosci 10 cm

w glebie (w poziomie mineralnym) spadata ponizej 3,5%, co miato miejsce zwlaszcza
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w czerwcu 1 sierpniu w Mezyku oraz w lipcu, w Tucznie, réznice pomigedzy otrzymanymi
warto$ciami transpiracji oszacowanymi dwoma metodami (Tsr 1 Tec) znacznie si¢ zwigkszyly
— zaobserwowano spadek wartosci Tsg w odniesieniu do odpowiadajgcych im wartosci Tkc.
Nalezy w tym miejscu przypomnie€, ze oszacowana warto$¢ Tec obejmuje caty ekosystem,
w tym réwniez podszyt 1 runo lesne (o ile wystepuja), podczas gdy Tsr reprezentuje transpiracje
tylko gléwnego gatunku drzew (sosny zwyczajnej). Mimo to, zarowno Tsr, jak 1 Tec miaty
podobng dynamike w odpowiedzi na zmieniajace si¢ warunki SWC. W celu okreslenia zakresu
wilgotnosci gleby, dla ktorych transpiracja byta najwigksza, ustalono prog, powyzej ktorego
wartosci Tsr 1 Tec uznano za wysokie — 9 decyl z rozktadu wartosci §rednich dobowych
T obliczonych dla okresu wegetacyjnego w roku 2019 (Ryc. 7a, b). Wickszo§¢ wartosci
wyzszych niz 9 decyl dla obu strumieni T wystgpita w podobnych warunkach SWC, co
pozwolito na wyznaczenie optymalnego dla tego procesu przedziatu wartosci wilgotnosci gleby
na obu powierzchniach badawczych (Ryc. 7 a, b), ktére wynosity: 5 — 9% dla powierzchni
badawczej Mezyk 1 4 — 6% dla Tuczno. Ponadto, dla tych samych wartosci SWC stosunek
pomiedzy Tsp 1 Tec przyjmowal zblizone wartosci na obu powierzchniach (Ryc. 8c).
Efektywnos¢ wykorzystania wody (obliczona jako stosunek GPP do Tsr, reprezentujacego
transpiracj¢ gldwnego gatunku drzew) gwaltownie wzrastala ponizej wartosci SWC= 4%.
Wiynikato to z faktu utrzymywania si¢ intensywnosci procesu fotosyntezy (ilosci pochtanianego
CO,, GPP) na stosunkowo wysokim poziomie (Ryc. 7d) przy jednoczesnym ograniczeniu
procesu transpiracji. Ten wzrost efektywnosci wykorzystania wody przy niskim SWC
odzwierciedla strategie drzew polegajaca na minimalizowaniu strat wody przy jednoczesnym
utrzymaniu poziomu absorpcji CO,. Poniewaz intensywno$¢ parowania jest zwykle niska przy
wysokim SWC (w opisywanych badaniach poziom powyzej 9%), ze wzgledu na wysoka
wilgotno$¢ wzgledng 1 tym samym niskg warto$¢ deficytu ci$nienia pary wodnej (VPD),
zaobserwowano spadek wartosci tak Tsr jak 1 GPP (Ryc. 7e, f). Natomiast, przy wysokich
srednich dobowych wartosciach VPD (> 1 — 1,5 kPa) zaobserwowano spadek wartosci Tsp 1 w
mniejszym stopniu GPP w drzewostanie dojrzatym (TU), ktory nie byt jednak widoczny
w przypadku drzewostanu znacznie mtodszego na powierzchni Mezyk. Pokazuje to, ze chociaz
oba procesy sg sprzezone przez aktywnos$¢ aparatow szparkowych, drzewa dostosowuja si¢ do
warunkow stresu wodnego 1 priorytetowo traktujg oszczedzanie wody i1 utrzymanie asymilacji

wegla.
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Rycina 7. Zwiazek pomigdzy wilgotnoscia gleby (SWC) a transpiracja wyznaczong dwiema metodami:
Tsr  (pomaranczowy) 1 Tec (fioletowy) na powierzchni badawczej a) Mezyk (ME)
i b) Tuczno (TU); ¢) wykres pudetkowy przedstawiajacy stosunek Tsr / Tec na roznych poziomach SWC
(szeroko$¢ wyznaczonych klas = 1,8% SWC), w ME (czerwony) i TU (niebieski); d) zwigzek pomiedzy
wskaznikiem wykorzystania wody (WUErsg) i SWC w ME (czerwony) i TU (niebieski) dla SWC <
5,5%.; e, ) zalezno$¢ pomigdzy dziennymi sumami GPP, Tsr i VPD na powierzchniach badawczych
ME i TU; jasniejsze punkty reprezentujg wszystkie wartosci dziennych sum T i GPP; wyrdznione
ciemniejszym kolorem punkty i linie reprezentuja dane usrednione w przyjetych klasach VPD;
przerywane linie poziome (a, b) wskazujg dziewiaty decyl (90%) $redniej dziennej warto$ci transpiracji
ekosystemu oszacowanej na podstawie pomiarow przeptywu sokow (Tsg- kolor pomaranczowy) i

metoda kowariancji wirdw (Tec- kolor fioletowy). Zrodto: Ryc. 8, Publikacja #3 (Dukat i in., 2023).
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4. Podsumowanie

W zwiagzku z nasilajagcym si¢ ociepleniem klimatu i wzmozong antropopresja, konieczne
jest monitorowanie nie tylko ekosystemow szczegolnie wrazliwych, ale takze tych, ktére do tej
pory uwazano za odporne. Rosngca globalnie temperatura najprawdopodobniej spowoduje
dalsze zwigkszenie intensywnos$ci 1 czestotliwos$ci wystepowania suszy 1 wynikajace z tego
zaburzenia w ekosystemach naturalnych. W publikacji #1 wskazano, ze w strefie klimatu
umiarkowanego Europy nalezy spodziewac si¢ wzrostu $redniej temperatury powietrza
1 czestotliwosci wystepowania zjawiska suszy (cel szczegélowy 1). Majac na wzgledzie
powyzszy trend, zbadano, jak zjawisko suszy wptywa na zdolno$¢ drzewostanow sosnowych
w polskich warunkach klimatycznych m.in. do sekwestracji wegla. Wykazano, ze w suchym
roku 2019 (nastgpujacym po jeszcze bardziej suchym 2018 roku), w zwigzku z intensywna
susza, ktora wystapita zwlaszcza wiosng (kwiecien) 1 latem (czerwiec 1 sierpien), ilo§¢ wegla
wbudowanego w biomas¢ drzew (NPP) w mlodym drzewostanie sosnowym (Mezyk) byta
o okoto 0,6 t C-ha™! nizsza niz w umiarkowanie wilgotnym 2020 r. (publikacja #2). Mozna
zatem stwierdzi¢, ze wystapienie suszy wplyneto negatywnie na jedng z najwazniejszych
sktadowych bilansu wegla lasow z punktu widzenia gospodarki lesnej — ilo$¢ produkowanego
drewna. Susza wystepujaca w cieplej porze roku wigze si¢ z podwyzszong temperaturg i
przedtuzajacym si¢ okresem bezopadowym, a tym samym wigkszg iloscig docierajacego
promieniowania stonecznego. Teoretycznie, moze si¢ to zatem przelozy¢ na nieco wyzsza
wartos$¢ catkowitego GPP (ilos¢ dwutlenku wegla zasymilowanego w wyniku fotosyntezy z
uwagi na wigkszg ilo§¢ promieniowania stonecznego) jak 1 wyzszg warto§¢ oddychania
ekosystemu. Taki efekt zaobserwowano na badanych powierzchniach lesnych wykazujac, ze
warto$¢ GPP w suchym 2019 roku byta nieco wyzsza niz w 2020 roku. Jednakze, efektywnos¢
wykorzystania wegla (CUE) byta w 2019 roku nizsza niz w 2020 roku. Wartosci CUE w obu
latach byly jednoczesnie zaskakujaco niskie — tak niskie, jak te obserwowane w lasach
borealnych (De Lucia i in., 2007). Mozna zatem stwierdzi¢, ze badanie reakcji lasu sosnowego
na niedobory wody w aspekcie obiegu wody i wegla na obszarze narazonym na susze, jest
szczegoOlnie wazne nie tylko dla rozwoju nauk z zakresu inzynierii sSrodowiska, nauk o Ziemi,
ale takze dla ekonomii sektora lesnego (cel szczegélowy 2). Wynika to z faktu, ze w Polsce
struktura gatunkowa lasow jest zdominowana przez sosn¢ zwyczajng, ktora jest tym samym
najwazniejszym surowcem do produkcji drewna.

Znacznie wigkszego wplywu suszy oczekiwano w odniesieniu do badanych elementow

bilansu wodnego. Szczegdétowym celem publikacji #3 bylo pordéwnanie dwoch metod
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oszacowania transpiracji na poziomie catego ekosystemu: opartej na bezposrednich pomiarach
relatywnie tanim systemem do badania przeptywu sokow pojedynczych drzew (Tsr) oraz
usrednionej warto$ci na poziomie ekosystemu, oszacowanym na podstawie bezposrednich
pomiaréw zdecydowanie drozsza i znacznie bardziej wymagajaca metodycznie technika
kowariancji wirow (Tkc). Warto$¢ transpiracji uzyskana w wyniku podzialu strumienia ET
(Tec) przekroczyta sumaryczng warto$¢ opadow w sezonie wegetacyjnym, co oznacza, ze
badane drzewostany musiaty wykorzystywa¢ wode zmagazynowang w glebie 1 pniu do
przetrwania dlugotrwatych okreséw suszy. Stwierdzono réwniez, ze najprawdopodobniej
drzewa musiaty mie¢ dostep do wody zmagazynowanej w glebszych niz badane warstwach
gleby (ponizej 2 m). Chociaz transpiracja jako proces byta najprawdopodobniej podobnie
wrazliwa na susz¢ w obu badanych drzewostanach sosnowych: relatywnie mtodym - Mezyku
1 dojrzatym - Tucznie w suchym 2019 r., zaobserwowano wyraznie wigkszy spadek Tsr niz
Tec, gdy zawartos¢ wody w glebie (SWC) byla bardzo niska. Wynika to z faktu, ze Trc
obejmuje caly ekosystem - w tym transpiracj¢ runa lesnego 1 podszytu, co nie zostato ujete w
Tsr. Efekt zamaskowania tych elementow mogt zatem odegrac istotng role. Jak mozna si¢ byto
spodziewac, rdéznice pomigdzy tymi dwoma oszacowaniami byla znacznie bardziej widoczna
na powierzchni badawczej Tuczno, gdzie poza gatunkiem gldownym wystepuje takze podrost
bukowy oraz znacznie bardziej rozwinigta i1 bioréznorodna warstwa runa lesnego niz
w Mezyku. Mozna zatem stwierdzi¢, ze w przypadku laséw gospodarczych, ktore czesto sa
monokulturami bez drugiego pigtra, transpiracja uzyskana na podstawie pomiarow przeptywu
sokow jest wystarczajaca do prawidtlowego monitorowania i diagnozowania kondycji drzew
1 catego ekosystemu w warunkach suszy. Takze, metoda ta jest znacznie szybsza
w diagnozowaniu stresu wodnego niz obserwacje juz zaistniatych skutkow, jak na przyktad
zmiany fizjologiczne czy zamieranie drzew. Chociaz zarowno Tsr, jak 1 Tec mialy ogdlnie
podobng zmienno$¢ sezonowa, dobowg i1 miesigczng, a takze podobne reakcje na zmiany
czynnikow meteorologicznych, to dla nizszych wartosci SWC rozbieznosci migdzy Tsr 1 Trc
wzrosly zaréwno dla mtodego, jak i1 dojrzatego drzewostanu. Poniewaz zawartos¢ wody
w glebie mierzono w wierzchniej warstwie (w poziomie mineralnym), obserwacje wykazaty
niskie wartosci wilgotnosci gleby w okresach bezopadowych. Niemniej jednak, pomiar ten
zostal wykorzystany jako indykator suszy w skali dobowej, na podstawie ktorego stwierdzono,
ze dla nizszego SWC (np. 3,5%) intensywnos$¢ fotosyntezy byta utrzymywana na wzglednie
wysokim poziomie (GPP), tymczasem transpiracja (uzyskana na podstawie pomiarow
przeptywu sokow - Tsr) byla znacznie ograniczana w obu badanych ekosystemach lesnych.

Jeden z koncowych wnioskow w publikacji #3 stwierdza, ze funkcjonowanie sosny zwyczajnej
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w czasie suszy odzwierciedla strategi¢ drzew polegajaca na minimalizowaniu strat wody na
korzys¢ sekwestracji wegla, co zostalo odzwierciedlone w znacznie zwigkszonej efektywnosci
wykorzystania wody (WUE) w tych warunkach. Dowodzi to wytrzymatosci sosny zwyczajnej
na okresowo wystepujacy stres wodny. Kwestig otwartg pozostaje jednak warto$¢ progowa tej
odpornosci 1 skala czasowa trwania suszy, po przekroczeniu ktorych dochodzi do zamierania
drzew. Oznacza to, ze w okresach deficytu wody 1 wystepowania suszy biezace monitorowanie
laséw pod katem wykorzystania i dostepnosci wody prowadzone w sposob bezposredni w
czasie rzeczywistym, bedzie mialo coraz wigksze znaczenie nie tylko dla gospodarki lesnej, ale

takze lokalnego 1 globalnego bilansu wegla, wody 1 energii (cel nadrzedny).
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6. Kopie opublikowanych prac wchodzacych w sklad rozprawy
6.1. Publikacja #1

Trends in drought occurrence and severity at mid-latitude European stations (1951—
2015) estimated using standardized precipitation (SPI) and precipitation and
evapotranspiration (SPEI) indices
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One of the negative consequences of climate change is the also increase in the severity, frequency and length of droughts
appearing in Europe. The effects of meteorological drought are often substantial, not only for the natural environment but also
for humans. Hence, the main purpose of this research was to determine the trends in the severity and occurrence of droughts
in Europe during the period 1951-2015 using the standardized precipitation index and the standardized precipitation and
evapotranspiration index (SPEI). For six European sites located in mid latitudes, the number of dry months was determined
and the trend of their occurrence was examined. Moreover, for the summer months in which the indicators fell below 0, the
trend related to the severity of the drought was determined for each site. Despite the absence of a statistically significant
trend of an increase in the occurrence of dry months in general, an increase in the severity of droughts occurring in summer
was observed for the SPEI over a 6-month scale for all the investigated stations. The highest number of dry months since

the 1970s appeared during the last 5 years of analysis.

1 Introduction

The 2009 report of the European Environment Agency (Col-
lins et al. 2009) on the water resources in Europe stated
that the relationship between the demand and availability of
water has reached a critical point in many parts of the conti-
nent as a result of both excessive consumption of water and
prolonged droughts. This has led to harmful effects on the
functioning of freshwater ecosystems, such as decreases in
the water levels of lakes and river flow as well as a reduction
in the total surface area of wetlands, which is particularly
important for the existence of local fauna. These effects are
also accompanied by deterioration in water quality due to the
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reduction of water resources. Climate changes will most cer-
tainly lead to further serious problems with water availabil-
ity in the future and there will be more frequent and intense
episodes of drought throughout Europe (Collins et al. 2009).

Drought is a natural event that occurs in all climates and
is one of the most severe natural hazards that causes signifi-
cant economic, social and environmental losses (Vogt and
Somma 2000). At the end of the twentieth century and the
beginning of the twenty-first century, significant parts of
Europe were affected by drought (Lloyd-Hughes and Saun-
ders 2002); in particular, the latter severe and prolonged
droughts revealed the sensitivity of European ecosystems
to this natural disturbance which was further intensified
by human activities, such as disruption of the hydrological
cycle by deforestation or improper drainage. More frequent
occurrences of drought made the inhabitants of the European
continent and the governments realize the risk of the many
socioeconomic problems associated with water shortages,
which resulted in activating a search for appropriate methods
to mitigate the effects of drought. In the past 60 years, an
increase in the frequency, duration, and intensity of droughts
has already been observed in western, central, and south-
eastern Europe (Spinoni et al. 2016). Along with the chang-
ing climate, this trend is likely to strengthen further in the
twenty-first century. In Europe in the period from 1976 to
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2006, economic losses related to drought were estimated at
approximately 100 million euros (Vogt et al. 2011).

Different definitions of meteorological drought have been
presented and used by authors depending on the scope and
purpose of their research. For the present study, the defini-
tion of drought proposed in the [PCC report (Seneviratne et al.
2012a, b) was adopted. According to this definition, drought
is a period of abnormally dry weather long enough to cause a
serious hydrological imbalance. Thus, a period of anomalously
low rainfall is defined as a meteorological drought. Water short-
age, during the growing season, leads to the occurrence of an
agricultural drought (due to the lack of moisture in the soil),
while the reduction of water resources is defined as a hydro-
logical drought (Seneviratne et al. 2012a, b). In addition to low
rainfall, the occurrence of drought is associated with an increase
in the actual rate of evapotranspiration. Lack of rainfall is the
first factor favoring the occurrence of a meteorological drought,
with this phenomenon enhanced by the potential increase in
evapotranspiration reinforced by radiation, higher wind speed,
and water vapor deficit due to temperature rises (Seneviratne
et al. 2012a, b). It is now assumed that global warming and its
regional aspects are one of the factors increasing the frequency
of anomalous weather phenomena (IPCC 2001). Therefore,
understanding the regional causes and the features of meteoro-
logical drought is important when investigating and understand-
ing its specific impact (Trnka et al. 2016).

The variability of drought conditions can be assessed along
with climatic changes using the standardized precipitation
index (SPI), which uses precipitation totals only and thus can
be used anywhere by simply transforming its skewed distribu-
tion to a normal distribution (Tsakiris and Vangelis 2005). The
main advantage of the SPI is its simplicity, wherein the main
disadvantage is the use of only one meteorological element to
describe water deficit. This index has been used by many authors
for the analysis of drought occurrences in Europe (Blain 2011;
Krajinovi¢ 2010; Livada and Assimakopoulos 2007; Lloyd-
Hughes and Saunders 2002), and in the United States (Hayes
et al. 1999) where this index calculation method was developed
(McKee and Nolan 1993, 1995). Since the input variable for the
SPI is precipitation, rainfall increases or decreases will likely
result in a wetting or drying tendency for the SPI, respectively.
Nevertheless, in some countries rainfall variability plays a more
important role than the average change: Poland is an example of
a country where the SPI over a 12-month scale shows a slight
wetting tendency despite a general decrease in precipitation
(Spinoni et al. 2019). On the contrary, for small countries such as
Oman or Tajikistan, where dry and semi-dry areas predominate,
the results of SPI-12 calculations suggest a tendency toward dry-
ing, despite a slight increase in precipitation, so the SPI calcula-
tions may be biased.

The standardized precipitation evapotranspiration index
(SPEI) is based on precipitation and potential evapotranspi-
ration data (Vicente-Serrano et al. 2010), which, in principle,
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is a modification of the standardized precipitation index to
include the impact of temperature. The SPEI, similarly to
the SPI, is one of the most widely used drought indicators
in Europe (Spinoni et al. 2015). Due to the fact that the
SPEI includes the potential evaporation factor (PET), it is
recommended especially as an indicator for monitoring agri-
cultural drought. In principle, PET can be calculated using
more or less complex models/equations, e.g. Thornthwaite
(TH), FAO-56 Penman—Monteith (PM), Hargreaves-Samani
(HG) (Bezdan et al. 2019) but simultaneously this is its big-
gest disadvantage. The Thornthwaite (TH) method is the
simplest way to calculate potential evapotranspiration due
to the factors used, which are easily accessible—average
air temperature for the investigated period and the latitude
of the location. Significant differences were found when the
SPEI was calculated using different PET equations wherein
the differences were bigger in semi-arid and mesic areas
(Begueria et al. 2014).

1.1 Hypotheses and aims

Appropriate recognition of the climate features related to
occurrences of drought in the past is crucial. In addition,
proper monitoring and development of drought mitigation
strategies using appropriate tools, including indicators, are
required. Drought can be identified based on various vari-
ables depending on data availability. Thus, one of the most
desirable tools for determining drought in the future and its
subsequent mitigation is a method based on easily accessible
data, which includes air temperature and precipitation as key
elements. It is expected that there would be an increasing
trend in the occurrence of drought, determined with the help
of both the selected indicators. Climate change is visible,
inter alia, by increasing global air temperature and changing
precipitation distribution. We hypothesize that this can lead
to an increase in the occurrence of drought, also in those
parts of Europe for which this has not been a characteristic
climate feature. Our main aim is thus to define trends in the
frequency and severity of drought events for mid-latitude
European countries using data from six meteorological sta-
tions located in this region covering both marine and conti-
nental temperate climate conditions.

2 Materials and methods

2.1 Data

For the meteorological station in Warsaw, data were obtained
from the Institute of Meteorology and Water Management—
National Research Institute, while for all other stations this
was obtained from the Home European Climate Assessment
& Dataset portal (ECAD 2018). Average daily values of
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temperature and precipitation totals were used to calculate
mean monthly air temperatures and monthly precipitation
totals, respectively, which were then used to calculate the
selected indices.

2.2 Site descriptions

The meteorological stations selected for the analysis are
located in the mid latitudes of the European continent
(Fig. 1). On the basis of the Koppen Geiger classification
(Kottek et al. 2006), stations in Essen (Germany, 150 m
above sea level [a.s.1.]), Berlin (Germany, 48 m a.s.l), Pécs
(Hungary, 203 m a.s.l), and Warsaw (Poland, 110 m a.s.l.)
were categorized as areas with a moderate warm and humid
climate with an average temperature lower than 18 °C and
higher than — 3 °C in the coldest month (Cfb). The stations
in Kiev (Ukraine, 166 m a.s.]) and Moscow (Russia, 156 m
a.s.]) were categorized under the Dfb class, which is char-
acterized as a snow-forest climate (boreal) with the coldest
month having an average air temperature below — 3 °C and
the warmest month having a temperature higher than 10 °C

Fig. 1 Locations of the mete-
orological stations in Europe
included in the research

(Kozuchowski et al. 2012; Wo$ 2010). Long-term average air
temperatures and the average precipitation totals for each site
are shown in Table 1. Among the investigated stations, the
highest long-term average annual temperature calculated for
the period 1951-2015 occurred in Pécs, which was equal to
10.8 °C, while the lowest temperature occurred in the station
in Moscow, which was 5.3 °C (Fig. 2, Table 1). The highest
average annual precipitation total was measured in Essen
(923 mm), while the lowest, estimated to be only 521 mm,
was recorded in the station in Poland. At all the stations,
the highest precipitation occurred in the summer months: in
June in Essen, Berlin and Moscow and in July in Pécs, War-
saw and Kiev (Fig. 2). From the perspective of climate type
analysis, determined by means of the two meteorological
elements (temperature and precipitation) on a monthly basis,
it was evident that not only is the total precipitation value
significant but also its distribution throughout the year. The
standard deviation of the total monthly precipitation from
the annual mean for the entire period (1951-2015) was the
highest in Essen and Pécs. Lower values were found for the
stations in Warsaw (31) and Berlin (30) (Table 1).

coordinates:

Essen: 51.45°N, 7.00°E
Berlin: 52.88°N, 13.44°E
Pecs: 46.09°N, 18.22°E

Warsaw: 52.17°N, 20.96°E
Kiev: 50.47°N, 30.42°E
55.71°N, 37.42°E

Table 1 Mean annual

s ESSEN BERLIN PECS WARSAW KIEV MOSCOW
precipitation total () (mm) and
?é?)a;‘ annulelll air.tem.pel;atc;lrg Mean annual precipitation total (mm) 923 580 644 521 628 680

or each station include:
in the research, SD—standard Annual P SD 144 98 129 94 116 116
deviation from the period Monthly P SD 38 30 38 31 37 33
19512015 Mean annual air temperature (°C) 9.87 9.69 10.79 8.15 8.11 5.32
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Fig.2 Climatograms for a Essen, b Berlin, ¢ Pécs, d Warsaw, e Kiev, and f Moscow, based on the data from the period 1951-2015. Ta average
monthly air temperature (°C) (red line), P monthly precipitation totals (mm)

2.3 Methods

To determine the number of dry months in the analyzed period
at each station, two indicators were used: SPI and SPEI. The
SPI is calculated by fitting a probability density function to a
given frequency distribution of historical precipitation (Faye
et al. 2019) and then the probabilities are transformed into
a normalized distribution with a mean equal to zero and a
variance of one, which was developed by McKee and Nolan
(1993, 1995). Originally, the SPI was calculated for 1-, 2-, 3-,
6-, 12-, 24-, 36-, and 48-month scales to recognize the differ-
ent impacts, but in general this index can be calculated for any
weekly or monthly timescale (Hayes et al. 2012). Because the
SPI is normalized based on the statistical representation of
historical records in each location separately, drought condi-
tions can be recognized equally well for both humid and drier
climate conditions. In addition, it can be used for assessing
the severity of the drought and to issue warnings regarding
the possibility of it occurring. The method to derive the SPEI
index is based on the original SPI calculation procedure but
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includes an additional variable, i.e. potential evapotranspira-
tion. It is recommended considering the thermal factor (here
indirectly by the inclusion of PET in SPEI index), especially
for applications such as the analysis of future climate scenarios
which is useful for studying the effects of global warming and
drought (Begueria et al. 2010; Vicente-Serrano et al. 2010).

Here, in order to calculate the SPEI index, the potential
evapotranspiration was estimated according to the Thornthwaite
equation (Thornthwaite 1948) (Eq. 1), which is part of the pack-
age “SPEI” in R software (version 3.5.0; The R Foundation for
Statistical Computing, 2018/04/23). The variables used in the
PET calculations presented below are the monthly precipitation
totals, monthly mean air temperature and the latitude of the sta-
tion’s location. The exact methodology for calculating the SPEI
has been presented by Vicente-Serrano et al. (2010).

PET = 16K(IOTT)m, (1)
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where: T is the mean monthly temperature (°C); [ is the heat
index, which is calculated as the sum of the 12 monthly
index values i according to the following formula:

i <§)1.514’ ®

K is a correction coefficient computed as a function of the
latitude and month (Vicente-Serrano et al. 2010) and mis a
coefficient depending on I:

m=6.75x10"7-7.71x1071* + 1.79x107* + 0.492
3)
Vicente-Serrano et al. (2010) concluded that log-logistic
distribution is the best option among other distributions for
obtaining an SPEI series in standardized z units (mean=0,
SD =1). Therefore, for the purposes of this study, standardi-
zation of the meteorological variables was also carried out
by using a log-logistic distribution. The probability distribu-
tion function of monthly precipitation (SPI) or the difference
between precipitation and potential evapotranspiration for
each month (SPEI) is given by the equation described, for
example, by (Begueria et al. 2014):

-
_ a
F(D)_l1+<D_y>] , @)

where: a scale parameter, f shape parameter, y location
parameter, — all estimated from sample D, which for the
SPEI is the difference between precipitation (P) and poten-
tial evapotranspiration (PET).

After calculating the a, f and y parameters (the detailed
methodology for calculating these is given by Singh et al.
1993), the unbiased probability weighted moments (PWMs)
were calculated, based on a method described by Hosking

(1986):
(N—vDi
N

1N
WS:ﬁ;ﬁ’ 5

N-—i
s

where w, is the PWM of order s, N is the number of data and
D, is the difference between precipitation (P) and potential
evapotranspiration (PET) for the month i. D, is therefore the
climatic water balance (CWB).

Begueria et al. (2014) have suggested that the unbiased
PWM method should be preferred for the computation of an
SPEI series. When the two indicators are both normalized
variables (the average SPI and SPEI values are 0 and the
standard deviation is 1) they can be compared with other
SPI and SPEI values, computed for different times and loca-
tions. A zero value of SPI or SPEI corresponds to 50% of
the cumulative precipitation probability (SPI) or Climatic

Water Balance probability (SPEI), according to the logistic
distribution (Vicente-Serrano et al. 2010). Each index value
corresponds to the characteristic of the analyzed period
(month); positive values of the SPI and SPEI indicate wet-
ter months while negative ones—dry periods. McKee and
Nolan (1993) proposed the following SPI categorization for
conditions in Colorado (Table 2), which was applied in the
presented study.

To calculate the SPI and SPEI, R software was used, in
particular the “SPEI” package (Begueria and Vicente-Ser-
rano 2017a, b). Corresponding indicator values were calcu-
lated for 1-,3- and 6-month scales since it was suggested that
estimations of the occurrence of dry periods based on such
time perspectives are appropriate for recognizing the impact
of meteorological drought on agriculture (Rhee and Carbone
2010). Statistical calculations were determined using “base”
and “ggplot” packages for preparing the figures. Drought
occurrence, severity and trends have been analyzed using
data outcome from SPEI package in R environment (R Core
Team 2020).

3 Results and discussion
3.1 Temporal courses of climatic factors

Due to climate changes and multidirectional anthropopres-
sure, it is important to analyze trends occurring in the cli-
matic system on both a global and local scale. Nevertheless,
it should be emphasized that in case of multi-year research
on climate-related trends, even less statistically significance
trends may already be relevant for the climatic system. Due
to the length of the period covered by the presented analysis,
long-term trends in key meteorological elements, namely
average annual air temperatures, annual precipitation totals
and potential evapotranspiration, have been calculated
according to the methodology presented above (Thornth-
waite 1948), as well as deriving the climatic water balance
(the difference between the annual precipitation total and
the potential evapotranspiration), and are presented below
(Fig. 3, Table 3).

Table 2 Classification of the months based on SPI index values (
source: Hayes et al. 1999 after McKee and Nolan 1993), also appli-
cable for the SPEI index (Faustin Katchele et al. 2017; Wang et al.
2020)

Extremely dry <-2.0
Severely dry —-1.99to - 1.50
Moderately dry —-1.49t0—1.00
Near normal —-0.991t00.99
Moderately wet 1.00 to 1.49
Very wet 1.50 to 1.99
Extremely wet >2.00
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tigated European meteorological stations. The red dotted line in plot ¢
represents the balance =0 between precipitation and PET

Table 3 Simple linear PET R PETa TR Ta PREC R? PREC a
regression parameters
?ﬁei to the lﬁng-ternfl ldata ESSEN 0312 1.325 0.260 0.022 0.010 1.228
or the annual potentia BERLIN 0278 1.257 0.233 0.022 - 0015 ~0.145
evapotranspiration (PET) total, P
the mean annual air temperature ~ PECS 0.259 1.288 0.242 0.022 -0.012 0.420
(T) and the annual precipitation WARSAW 0.308 1.330 0.272 0.026 0.056 1.316
total (PREC) presented in Fig. 3 gjgvy 0.333 1.540 0.360 0.034 —-0.011 0.445
MOSCOW 0.254 1.168 0.395 0.037 0.053 1.596

R? coefficient of determination, calculated using Pearson’s correlation, @ linear regression slope; signifi-

cance level x=0.005

The performed analyses revealed that there is a posi-
tive trend for the average annual air temperature (Fig. 3a)
and potential evapotranspiration (Fig. 3c) at all the stations
included in this research. It turned out that during the last
60 years, the average annual air temperature has risen fast-
est in Moscow and Kiev. Simultaneously, the Russian station
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was also one of the two locations where the most significant
positive trend of annual precipitation totals has been recorded.
A negative trend of precipitation, even though quite insignifi-
cant in terms of its impact, was determined only for the Berlin
meteorological station, and thus the annual amount of precipi-
tation in that location can be expected to decrease in the future.
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There were no statically significant trends in the long-term
climate water balance for any of the chosen European stations,
therefore the corresponding parameters for the linear regres-
sion in this case are not shown in Table 2. Nevertheless, these
trends are still shown in Fig. 3d, because this gives an idea of
where to place particular stations in accordance with the threat
of shrinking water resources (CWB < 0—too little precipita-
tion to balance potential evapotranspiration).

4 Long-term changes in the number
of droughts

The long-term (1951-2015) values of the SPI and SPEI
indexes over 1-, 3-, and 6-month scales for all the stations
are presented in the Figs. 8, 9, 10, 11, 12, 13 in Appen-
dix 1. For Essen and Berlin, the analysis performed at
6-months revealed that according to both SPI and SPEI, in
recent years (especially until the middle of the 2010-2015
pentad), the dominance of values below zero, suggesting a
deviation toward dry conditions, is clearly visible. Certain
cyclical deviations on this timescale were also recognized,
with other periods of dry months in Germany, identified
by both indicators. That conditions have been recognized
at the beginning of the analyzed period: the 1950s, longer
culmination in 1960 and before 1965, in Essen especially
between 1970 and 1975 and before 1990, in Berlin after
1990 and especially in 2015. For these sites, much wet-
ter months were indicated in the 1980s and additionally
for Essen at the beginning of the twenty-first century. In
Pécs, analysis of the SPI values estimated over the same
timescales allowed four especially dry periods to be dis-
tinguished: between 1955 and 1960, at the beginning of
1970, 1990 and also in 2011-2012. Meanwhile, according
to the SPEI, assessment of the occurrence of dry condi-
tions was generally similar to the SPI, but the increas-
ing duration of dry months in 2011-2013 was much more
pronounced. For Warsaw, both indicators show, over a
6-month timescale, drought periods at the beginning of
the 1950s, before 1965, after 1975, at the beginning of
the 1990s and at the end of the last pentad. On the other
hand, during 1970-1975, in the early 1980s and the begin-
ning of the last decade, the conditions were more humid
in the Polish station. In Kiev, particularly long dry peri-
ods occurred during the 1955-1965 period and after 1975,
according to both indicators. According to the SPI, the
year 2015 and, according to the SPEI, the last five years
were characterized by drier conditions in comparison with

all other years. In Moscow, unusually long dry periods
determined by both indicators over a 6-month timescale
occurred in 1960-1965 and then for 1995-1997. During
the last 20 years, the values of the SPEI index suggest the
occurrence of much drier conditions in 2010-2012 and in
2015, similarly to that estimated using the SPI, although
with higher severity. Despite the quite large dispersion of
the stations in the mid latitudes of Europe, similar fluctua-
tions/periodicity were noticeable among all the investi-
gated locations. In general, both indicators suggested that
dry periods occurred mostly at the beginning and at the
end of period covered by the analysis.

Using the 3-month SPI and SPEI index values, surface plots
were created by dividing the plane into regular hexagons. Then,
the number of observations in each hexagon was counted and
finally mapped to fill the hexagons (Fig. 4). Such a graphi-
cal presentation of the results allows, for example, during the
long-term period when the indicators were spread over a wider
spectrum of values, to show whether and when the number of
occurrences shifted toward negative values.

Compared to the other stations, Kiev had the largest con-
centration of values around 0, according to the SPI index.
In Berlin and Warsaw, during the most recent years, the
distribution of the SPEI index has moved to more negative
values, which means drier conditions. In Moscow, the num-
ber of occurrences of extremely dry months (SPEI index
values close to — 2) is also currently increasing compared
to previous years, and approaching the value from before
the 1960s. The irregular shapes obtained for the SPI index
show, as previously stated, similarly irregular distributions
for the precipitation factor. In Essen and Berlin, however,
an increase in the severity of drought conditions in recent
years can already be seen. Only in case of Moscow does the
SPI index show an increase in the number of months char-
acterized by wetter conditions, which most likely resulted
from a similar long-term precipitation trend (Fig. 3b). For
Pécs and Warsaw, broadening of the spectrum of SPEI index
values has been found. This is associated with a flattening
of the SPEI density distribution, which is the anticipated
consequence of climate change—an increase in the number
of extreme events.

4.1 Trends in the occurrence of drought
In the following section, trends in the occurrence of drought
in the six different locations with a temperate climate on

the continent of Europe covered by the analysis were deter-
mined. All the months in which the SPI and SPEI indexes
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Fig.4 Distribution of the SPI
(on the left) and SPEI (on the
right) values for a 3-month scale
presented on hexagonal surface
plots for the six European mete-
orological stations: a Essen,

b Berlin, ¢ Pécs, d Warsaw, e
Kiev, and f Moscow
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fell below — 1 were added up for each site, which accord-
ing to the classification (McKee and Nolan 1993) means
drought-representative conditions (see Table 2). In order to
show trends, the analyzed period was divided into pentads
(Fig. 5). According to both indicators for all timescales (1-,
3- and 6-month perspectives), there are, in general, three

periods in which the number of droughts in relation to the
other 5-year periods was higher. For the SPEI index, these
periods were: 1951-1956, 1961-1966 and 2010-2015 for
all timescales, and additionally for the 1-month timescale
during 1971-1976. Moreover, it should be emphasized that
such presentation of the obtained results (aggregation of all
the dry months from all the stations during 5-year periods)
helps to show that there is a slight negative linear trend in the
SPI index for all the timescales, which suggests a decrease
in the number of droughts in the analyzed region. Analyz-
ing the data on a monthly basis due to the large number of
droughts in 1951-1966 (SPI), we found a lack of statistically
significant trends in the occurrence of dry months within
the studied period, which very likely has a large impact on
the linear trend estimation. On the contrary, the SPEI index
indicates an upward trend in drought occurrence regardless
of the timescale. The most pronounced upward trend was
found for the SPEI for a 3-month timescale. The possible
explanation might already be in the increasing trend of the
potential evapotranspiration totals in this part of Europe
(Fig. 3). Figure 5 shows that in the last pentad (2011-2015)
there were more dry months than in any other periods since
1976 as indicated by both the SPI and SPEI. For the SPEI for
all three timescales, the number of droughts recorded in the
last five years of the analyzed period significantly exceeded
the earlier occurrences of this phenomenon.

4.2 Trends in drought severity

Index values below -1, according to the adopted classifica-
tion for the SPI and SPEI indices, detect the beginning of
moderately dry conditions, which was the threshold used to
estimate drought occurrence trends in the previous chapter.
Whereas drought severity trends were derived by subtract-
ing all negative SPEI and SPI index values from O for each
station, which designates all drier than normal conditions
in the chosen period. Afterwards, linear trends were cal-
culated for both drought indicators at 1-, 3- and 6-month
timescales, which, as they approach lower, negative values,
indicate an increase in the severity of the drought (Fig. 6).
Detailed information on these linear regression parameters
is not presented here since they had very low values and
were not statistically significant. An increasing trend in the
severity of droughts for the SPEI and SPI indicators in the
summer was recognized for the 1-month timescale in Essen,
Berlin and Pécs, while in Essen and Berlin the upward trend
of the SPEI was much more pronounced in comparison with
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Fig.6 Trends in drought severity for all stations included in the analysis. The lower the indicator value, the higher the severity of the drought

Pécs. In Kiev, a weak increasing trend of drought severity
appeared for the SPEI for the 3- and 6-month timescales. In
Warsaw, however, the increase in drought severity was pro-
nounced only for the SPEI index for the 1-month timescale.
The most consistent results were obtained for Moscow—all
trend lines had similar courses with positive slopes for both
the SPI and SPEI for all timescales, which suggests that
there is a persistent tendency toward wetter conditions.
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Considering that in Central and Eastern Europe droughts
are the most dangerous for crops and other vegetation as
well human wellbeing in the summer, similar linear trends
of drought severity for June to August were investigated
(Fig. 7, Table 4). This analysis included only the SPEI
index calculated for the 3-month timescale since tempera-
ture plays a crucial role in the summer, and the “severity
analysis” for the indicator based on precipitation only (SPI)
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Fig.7 The average SPEI index for pentads for the a 1-month, b
3-month, and ¢ 6-month timescales, for all events with an indicator
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would not give a full picture of the real conditions. This is
also associated with the fact that in the investigated region,
summer precipitation very often falls as torrential rains,

Table 4 Simple linear regression parameters fitted to the nega-
tive summertime SPEI values averaged for 5-year periods (pentads)
for the 1-, 3- and 6-month timescales for all the stations included in
the analysis (the trends of summer drought severity are presented in
Fig. 13)

Parameter SPEI1 SPEI3 SPEI6
ESSEN R? 0.053 —0.088 —0.060
a —0.005 —0.001 —0.003
BERLIN R? 0.014 0.200 —0.051
a —0.003 —0.007 —0.003
PECS R? 0.207 —-0.075 0.132
a - 0.007 0.001 - 0.007
WARSAW R? —-0.073 —0.057 —-0.023
a 0.001 —0.002 —0.003
KIEV R? - 0.049 —0.089 —-0.024
a 0.004 —0.001 —0.005
MOSCOW R? 0.085 0.008 0.085
a 0.005 —0.004 —0.006

R? coefficient of determination, calculated using Pearson’s correla-
tion, a linear regression slope

which, even though they are very intense and result in high
monthly totals, are short and most of the water is lost due to
runoff. The negative values of the SPEI index were filtered
for the selected time interval (summer months), and then
the average values of the index in pentads were calculated.
The trends obtained from fitting the linear regression to the
mean values of the summer SPEI in pentads are shown in
Fig. 7. For SPEII (1-month timescale), an increasing trend
of drought severity in the summer was determined for Essen,
Berlin and Pécs, wherein such a trend was the most pro-
nounced for this timescale in Pécs. The SPEI for the 3-month
timescale for Pécs was also positive, but it also became posi-
tive for Warsaw, Kiev and Moscow. The average SPEI for
the 6-month timescale for all stations indicates an increase in
the severity of drought over time, with the greatest increase
in its intensity during the summer in Pécs (highest linear
regression slope value).

4.3 Discussion

Referring to the analyzes carried out by Spinoni et al. (2019)
on a regional scale, based on the SPI index for a 12-month
timescale, it was forecasted that both the precipitation
amount as well as the value of the indicator itself will most
probably increase in Germany, Russia and Ukraine in the
future. According to the same study, an increase in the pre-
cipitation amount is also expected in Poland and Hungary.
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However, in Poland, the 12-month timescale SPI index anal-
ysis showed a positive trend of this indicator value, which
suggests a tendency to wetter conditions, whereas in Hun-
gary, a trend toward drought was expected. Nevertheless, the
SPEI index for thel2-month timescale predicts a decline in
the value of that index in Poland, Germany and Hungary,
where the potential evapotranspiration is also expected to
increase.

In the presented study, a similar investigation was carried
out but it was a point analysis (considering a few locations
in a temperate zone in Europe, not a spatial distribution),
and was based on drought indices calculated for shorter
timescales (1-, 3- and 6-months). Moreover, thermal and
precipitation data allowed the calculation of potential evapo-
transpiration which showed an increasing trend for all the
locations, which is consistent with the results of Spinoni
et al. (2019). The most noticeable upward trend of potential
evapotranspiration was found for Kiev. This translates into
a slight increase in the drought strengthening—according to
the SPEI, an increase in the severity of droughts was shown
(Fig. 7). Significant and positive trends in the increase in
the average annual air temperature were also determined for
all sites, with the strongest increasing trend for Moscow.
Regarding available datasets, the obtained results indicated
an increasing trend in precipitation in Warsaw, while a
decreasing trend occurred in Berlin at the same time, which
is only partly in agreement with the study of Spinoni et al.
(2019). In Kiev and Pécs, long-term precipitation trends
were statistically insignificant, thus indicating neither a
reduction nor an increase in the amount.

The SPEI and SPI indices can be computed for different
timescales (Vicente-Serrano et al. 2010; Begueria and Vicente-
Serrano 2017a, b). The multi-scalar character of these two
indices is their important advantage compared to other exist-
ing indices (Vicente-Serrano et al. 2012). Such an approach
allows estimation of the influence of past thermal and humid-
ity conditions in drought analysis. Thus, computation enabled
the index to adapt to the memory of the system under study in
terms of the intended purpose of the research (meteorological,
agriculture-soil, hydrological drought detection). The quantity
of this memory is controlled by the parameter scale (Vicente-
Serrano et al. 2010; Begueria and Vicente-Serrano 2017a, b). It
was shown that short timescales (1 or 3 months) can be used to
describe meteorological drought while a 3-month or 6-month
scale is usually used to evaluate an agricultural drought, and a
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longer scale, such as 12 or 24 months, is more suitable for inves-
tigating hydrological drought and water resources (Mishra and
Singh 2010; Pei et al. 2020). For example, the SPEI index for a
6-month scale, calculated for a timeseries in Indonesia presented
the best accuracy for modeling soil moisture (95%) compared
to the rest of the timescales used (3-, 6-,12-months) (Ariyanto
et al. 2020). Nevertheless, the type of the soil was Alfisol, which
has a clay texture and very stable aggregate. In Wang et al.’s
(2015) study investigating data from 40 soil moisture stations
in China, it was defined that the optimum timescale for monthly
SPI and SPEI which shows the most significant correlation with
soil moisture at a specific soil layer was the 1-month timescale.
On the other hand, their results also suggest an increasing, direct
proportional relationship between the length of the index time-
scale and the depth of the soil for which the moisture content is
measured. By using indices in three different timescales in this
study we presented trends for the occurrence of drought and its
severity regarding meteorological and soil (agricultural) drought,
where it was assumed that the 1- and 3-month timescales are the
most suitable for predicting meteorological drought, whereas the
6-month timescale is best for detecting soil drought.

The increase in the average annual temperature as well as
the potential evapotranspiration at all stations translates into
the results obtained for the SPEI index, however, the irreg-
ular distribution of precipitation throughout the year with
a generally increasing tendency of its total annual value,
makes determining drought risk more complex.

Taking into consideration all the months when the SPI and
SPEI indices dropped below — 1 (representing dry periods/
drought conditions), an analysis of the trends in the occurrence
of drought was performed in this study. An increasing trend in
the occurrence of drought has been determined for the SPEI
index for all considered timescales. It is worth emphasizing
that according to this indicator, for the last five years included
in this study, i.e. 2011-2015, an incomparably higher number
of droughts has occurred, compared to previous pentads since
1951. However, in the latest study by Stagge et al. (2017), it was
found that drought trends in continental Europe show that the
total area experiencing an SPI6 drought has decreased signifi-
cantly during the last 56 years which contradicts previous stud-
ies. Also, in the same study, spatial patterns of drought occur-
rence investigated by the SPI6 index turned out to be similar to
the results obtained by the SPEI for a 6-month scale, showing an
increasing drought occurrence across southern Europe and the
Mediterranean area, while decreasing for broad parts of northern
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Europe (Stagge et al. 2017). Another recent study also showed
that the SPEI is probably a more suitable index than the SPI to
investigate the spatio-temporal variability of drought in Europe
under climate change, especially for Mediterranean region and
Central Europe (Ionita and Nagavciuc 2021). Moreover, this
same study suggests that the increasing mean air temperature
and the potential evapotranspiration can enhance drought inten-
sity over the southern and central parts of Europe. In light of the
projected increase in potential evapotranspiration in a warming
climate, this result has implications regarding the future occur-
rence of drought (Ionita and Nagavciuc 2021). In Spinoni et al.’s
(2018) study regarding the RCP4.5 emission scenario (which for
the end of the twenty-first century assumes a CO, equivalent of
about 650 ppm), it was predicted that over the period 2011-2100
in Central Europe, a moderate increase in drought frequency
will occur on an annual scale. Then, under scenario RCP8.5
(the equivalent of about 1370 ppm), a strong increase in drought
frequency in most of the region was predicted, with an increase
in drought occurrence mainly over the summer. These two sce-
narios correspond to global temperature increases of approxi-
mately 1.8 and 4.0 °C, respectively, compared to past conditions.

The severity of drought varied depending on the tempo-
ral scale used to calculate both indicators. Nevertheless, an
increasing trend in drought severity for the 6-month time-
scale was identified for the SPEI indicator for all stations
during the summer. In regions that already experience dif-
ficulties with water resources, being below or close to zero
climatic water balance, as indicated in this study in the cases
of Berlin, Warsaw and Pécs, can cause problems associated
with crop irrigation as well as worsening biometeorological
human health conditions. The awareness of the impact of
drought on human health is reflected in the development
of this branch of medicine which is currently becoming an
independent field of science. In our study, the average SPEI
index for pentads showed that considering the SPEI indica-
tor for three different timescales (1-, 3- and 6- months), the
6-month timescale appeared to present the most pronounced
trend of increasing drought severity across all the investi-
gated stations. Therefore, it can be assumed that agromete-
orological drought (soil drought) will most probably show
an increasing trend in the mid latitudes of Europe.

It has been stated in IRC technical reports on meteoro-
logical drought in Europe by Spinoni et al. (2016) that due
to climate change and the ever-increasing pressure on water
resources, the effects of droughts are likely to be more severe

in the future. Consequently, they will require constant moni-
toring, evaluation and adaptation (Spinoni et al. 2016).

Even though a cyclical nature of drought occurrence in 5-year
periods was found (SPI index), the role of an increase in the
average annual air temperature by more than 1 degree at each
site over 65 years should not be neglected. This is reflected
well in the higher number of droughts indicated by the SPEI
in 2010-2015 which leads to the assumption that, even with
the cyclical occurrence of certain climate features (precipitation
pattern), the overall effect on drought occurrence and severity
is enhanced by other factors, such as the already mentioned
increase in the average annual temperature and thus intensified
potential evaporation.

Even though the fluctuations in the number of dry peri-
ods were noticeable as indicated by the SPI index, which is
solely based on precipitation data, the number of droughts
in the most recent period (2011-2015) was the highest since
1976 and higher than ever before in the period under analysis
for the SPEI. The negative effects of global climate change
are still enhanced by anthropogenic activities (constantly
increasing emissions), which are most profoundly notice-
able as an increase in air temperature. Sometimes two (or
more) climate extremes can mutually strengthen each other
(Seneviratne et al. 2012a, b). Then, a positive feedback
occurs between the two extremes. For example, there can
be the mutual enhancement of droughts and heatwaves in
transitional regions between dry and wet climates. This feed-
back has been recognized as having an impact on predicted
changes in temperature variability and heatwave occurrence
in, among others, Central and Eastern Europe (Seneviratne
et al. 2012a, b). Thus, one can expect a greater number of
more intense droughts in the future, for which the indicators
combining precipitation and thermal conditions will be more
sensitive. Further “flattening” of the probability distribution
of drought indices, as in the example presented on the hex-
agonal surface plots for Warsaw and Pécs regarding the SPEI
indicator, is also expected, which means the more frequent
occurrence of very dry and very wet periods causing more
extreme events.

Appendix

See Figs. 8,9, 10, 11, 12, 13.
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Abstract: The accurate estimation of an increase in forest stand biomass has remained a challenge.
Traditionally, in situ measurements are done by inventorying a number of trees and their biometric
parameters such as diameter at the breast height (DBH) and height; sometimes these are comple-
mented by carbon (C) content studies. Here we present the estimation of net primary productivity
(NPP) over a two years period (2019-2020) at a 25-year-old Scots pine stand. Research was based on
allometric equations made by direct biomass analysis (tree extraction) and carbon content estimations
in individual components of sampled trees, combined with a series of stem diameter increments
recorded by a network of band dendrometers. Site-specific allometric equations were obtained using
two different approaches: using the whole tree biomass vs DBH (M1), and total dry biomass-derived
as a sum of the results from individual tree components’ biomass vs DBH (M2). Moreover, equations
for similar forest stands from the literature were used for comparison. Gross primary productivity
(GPP) estimated from the eddy-covariance measurements allowed the calculation of carbon use
efficiency (CUE = NPP/GPP). The two investigated years differed in terms of the sum and patterns
of precipitation distribution, with a moderately dry year of 2019 that followed the extremely dry
2018, and the relatively average year of 2020. As expected, a higher increase in biomass was recorded
in 2020 compared to 2019, as determined by both allometric equations based on in situ and literature
data. For the former approach, annual NPP estimates reached ca. 2.0-2.1 t C ha~! in 2019 and
2.6-2.7 t C ha~! in 2020 depending on the “in situ equations” (M1-M2) used, while literature-derived
equations for the same site resulted in NPP values ca. 20-30% lower. CUE was higher in 2020, which
resulted from a higher NPP total than in 2019, with lower summer and spring GPP in 2020. However,
the CUE values were lower than those reported in the literature for comparable temperate forest
stands. A thorough analysis of the low CUE value would require a full interpretation of interrelated
physiological responses to extreme conditions.

Keywords: carbon sequestration; net primary productivity; carbon use efficiency; water deficit

1. Introduction

Carbon dioxide (CO,) is one of the most important greenhouse gases that contributes
to global warming [1]. Through photosynthetic uptake and respiratory losses, it is continu-
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ally exchanged between forest ecosystems and the atmosphere. In principle, undisturbed
forest ecosystems and afforested stands on non or marginal agricultural land are a signifi-
cant sink of atmospheric CO; [2,3]. It was estimated that forests account for approximately
half of the annual global net primary production (NPP) of all terrestrial ecosystems [4].
Forests contribute to the terrestrial carbon balance in two ways: as principal pools of
carbon stored in plant biomass due to photosynthesis, and through the release of CO, via
ecosystem respiration [5]. These carbon pools are composed of living and dead biomass
both above and below ground (AGB and BGB, respectively), such as dead wood, litter,
and soil organic matter [6]. The productivity of any forest ecosystem corresponds to its
carbon sequestration potential [7] and depends mainly on the age and species of trees,
as well as the habitat and meteorological conditions. It has been assumed that the recent
increase in the tropospheric concentration of ozone (O3) has reduced terrestrial carbon
uptake compared to the preindustrial era [8]. This is mainly caused by Oz molecules
penetrating the leaves through the stomata, hence damaging the photosynthetic apparatus.
In addition to O3 damage, the productivity of forest ecosystems can be severely limited
by water scarcity [9]. Carbon sequestration (stock) estimation is essential to understand
the overall storage efficiency of a forest ecosystem [6]. For example, Kumar et al. [10]
showed that dominant species in Uttarakhand Himalaya, India, and the overlying soils
are important contributors to the total carbon stocks. These factors play a crucial role in
carbon sequestration, which will further help mitigate GHG emissions. Another study
recommends that in addition to conserving forests for climate change mitigation, carbon
sequestration potential extends to trees outside of forests as well, hence non-forested lands
should also be protected [11]. Furthermore, estimation of stem volume and tree biomass is
very important for planning sustainable forest resource use, and for research on the energy
and nutrient flow in the ecosystems [12].

Estimates of forest ecosystem productivity are often expressed as gross or net primary
productivity (GPP and NPP, respectively). GPP is defined as a balance between the total
amount of carbon fixed by the ecosystem through photosynthesis and carbon loss through
photorespiration [13]; NPP is the share of GPP used for new biomass growth [14]. Thus,
NPP is theoretically defined as the difference between GPP and autotrophic respiration
(Ra) [15]. Studies of ground-based NPP are often based on litterfall and AGB accumulation
measurements, and are therefore not closely related to the concept of NPP as a balance
between GPP and R, [15,16]. In practice, NPP is often estimated as the sum of biomass
production components [16,17], which can be done using literature or site-specific allomet-
ric equations. To estimate tree biomass, it is recommended to use allometric relationships
based on tree parameters such as diameter at the breast height (DBH) and tree height [14].
Many allometric equations can be found in the literature, for example in the study by
Zianis et al. [12]. These are also often derived for individual species [18]. One important in-
dicator of ecosystem function that can be estimated with known NPP and GPP is carbon use
efficiency (CUE = GPP/NPP)). CUE is commonly defined as the ratio of carbon sequestered
by plants from the atmosphere and carbon allocated to growth [19], which also indirectly
informs about the share of carbon respired by plants due to R, [7]. Earlier studies have
used various methods to estimate biomass increment, carbon storage and CUE [14,19-22],
for example biometric in situ measurements and eddy covariance observations for NPP
estimation of Pedunculate Oak Forest in Croatia [23]. Similarly, temporal variability of
the NPP-GPP ratio in a temperate beech forest has been estimated at both seasonal and
interannual time scales [24]. Further concepts and methods of measuring NPP in forests
have been described earlier [16].

The main aim of this study was to present the differences in NPP between the two
years that varied in terms of water availability: a dry year (2019) that followed extreme
droughts at the study area in 2018, and a moderate year (2020). It was hypothesized that
water conditions have a significant impact on the amount of carbon absorbed by trees, and
thus biomass production. The relationship between changes in GPP and NPP over the two
studied years was also explored.
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2. Materials and Methods
2.1. Site Description

This research was conducted at the eddy covariance (EC) study site established in
May 2018 near Mezyk (ME) village in north-western Poland (52°50" N, 16°15" E). The forest
was planted after a fire in 1992. It is an even-aged monoculture dominated by Scots pine
(Pinus sylvestris L.) with approximately 1% admixture of silver birch (Betula pendula Roth).

In order to identify the stand structure at the study area, three square experimental
plots were established, each with an area of approximately 1089 m? (33 x 33 m) (Figure 1).
The number of trees (Scots pine) was counted at each plot, and tree DBH was measured.
The sum from all three plots was extrapolated to obtain the total number of trees per 1 ha,
considering the contribution of roads, free spaces and birch plantations. The stand density
was estimated to be 4262 trees ha~!. The average tree height in this area was 10.49 m
(standard deviationof 0.99 m; median distribution = 10.15 m) [25]. The average diameter at
breast height (DBH) was 9.5 cm. Based on three soil pedons, the soil type was determined
to be Brunic Arenosoil.

Figure 1. Photomap showing the distribution of the experimental plots at which the number of trees
and DBH were measured (yellow squares). Five groups were established within the white square;
each group had five trees with dendrometers installed. The flux tower is located near the center of
the right edge of the white square. Blue stripes represent treeless areas or birch plantations (for the
purpose of fire protection). Source: google maps.

2.2. Eddy Covariance and Meteorological Measurements

The EC system was composed of an open-path analyzer (IRGA, model LI-7500DS,
LI-COR Inc., Nebraska, NE, USA) combined with a three-dimensional (3D) anemometer
(model WindMaster Pro, Gill Instruments, Hampshire, UK) and smart flux systems. This
was installed at the top of a 22 m-high flux tower, to measure the fluxes of trace gases
(CO;, and H,0) exchange with the atmosphere. These measurements have been carried out
since May 2018. Basic meteorological factors were continuously recorded, including four
components of the surface radiation balance (model CNR4 Kipp&Zonen Niderland, Delf,
Netherlands), air temperature (Ta) and air humidity measured at the top of the tower and
at 2 m above the ground (Rotronik, Bassersdorf, Germany), as well as bulk precipitation
(P)-tipping bucket rain gauge (model 52202-L, R. M. Young Company, Michigan, MI, USA).
Soil temperature and soil water content (SWC) were measured at a depth of 2 cm in mineral
soil (under the organic layer) using TDT Soil Moisture (SDI-12) sensors (Acclima, Meridian,
Idaho, USA) with five replicates. In addition, the soil temperature was measured at five
different profiles randomly placed around the EC tower, each at 2 and 5 cm deep. Since



Forests 2021, 12, 867

4 0f 20

there were gaps in the P records collected here, continuous P measurements were obtained
from the Mialy rainfall station of the Institute of Meteorology and Water Management
(IMiGW) network, located 2 km from ME. Daily observations were used instead of in situ
measurements for the whole study period.

2.3. Dendrometer Measurements and Tree Circumference Increment Calculations

Within the main research area (white square, Figure 1), five groups of five Scots
pine trees were chosen for continuous dendrometric measurements. A band dendrome-
ter (model DR26E dendrometric increase sensors, EMS Brno, Brno Czech Republic) was
installed at the breast height (130 cm from the soil surface) of each of these 25 selected
trees. The recorded circumference increment data was sent to the datalogger (Datalogger
GreyBox N2N, EMS Brno, Brno, Czech Republic) at a frequency of two minutes, and
averaged to half-hourly values, corresponding to a measurement resolution of 0.002 m. The
so-called “average tree” growth within the studied ecosystem was obtained by averaging
DBH increments from all 25 dendrometers. Dendrometric phases were then determined
based on the course of DBH increment within the entire investigation period. The be-
ginning of wood growth in a particular year was set as the end of the growth phase in
the previous year, considering the maximum winter contraction. Calculations and data
analyses were performed with R software (R version 4.0.2, The R Foundation for Statistical
Computing) [26].

2.4. Biomass Inventory of the Individual Parts of the Model Trees

The biomass of five sample trees was determined by an inventory carried out at the
turn of spring and summer 2018 [25]. For this purpose, a sample area of 0.03 ha was
established. Of the 114 trees within this area, five model trees were selected and extracted.
Their DBH represented the average values for the main research plot (Table 1). The DBH
measurement was made by the forest cluster. Sectional measurements were taken on
approximately 1 m sections of the tree trunk (Figure 2). The stem was then pruned, and the
separated branches were divided into two categories: main branches, and fine branches
with needles. The root system was also excavated for each of these five model trees. The
main roots (at least 2 mm thick) were cleaned and the trunks were collected.

Table 1. Dry Biomass (DB) of the above- (AGB) and belowground (BGB) components of the five model trees (kg).

Stem

Total

. Main Fine Fine Main AGB BGB
No. DBH with Bark Branches Branches Needles Roots Roots (Whole (% DB) (% DB)
Bark Tree)

1 8.0 12.9 1.7 2.3 1.5 1.2 0.95 2.8 23.43 84.0 16.0

2 9.8 17.5 2.3 43 3.2 2.8 0.94 43 35.32 85.1 14.9

3 11.7 23.5 3.1 6.1 29 2.5 0.98 4.6 43.61 87.3 12.7

4 12.5 28.4 43 12.7 4.2 3.1 1.02 8.2 61.89 85.0 15.0

5 13.3 29.9 4.6 6.0 35 2.8 1.01 79 53.13 88.2 11.8
Average 11.1 22.4 32 6.3 3.1 2.5 0.98 5.6 43.47 85.9 14.1

The contribution of components such as deadwood (above and below ground) and
undergrowth in the total stand biomass was estimated separately at four sample areas
(50 m? each). Two smaller circular areas (approximately 0.2 m?) were set up within these
areas (established by tossing a hula hoop), and a single sampling was performed by
collecting plants from these small areas. All herbaceous plants, bryophytes, and woody
plants up to 0.5 m high were collected and cut at the ground with shears. Samples of
fine roots were collected from the center of each area using a cylindrical root collector
(volume 1387 cm3, diameter 4.7 cm, height 20 cm) inserted to a depth of 0-20 cm and
2040 cm. Dead aboveground wood biomass consisted of standing deadwood, living and
dead thick branches (>7 cm in diameter at the thicker end). For the belowground dead
wood estimation, stems or trunks of torn, broken and felled trees were included. Dry mass
was also determined for each tree separately by drying individual tree parts at 65 °C. The
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results of biomass estimations of the five model trees are presented in Table 1. Carbon
content in the dry biomass was calculated as the average of the samples from the trees’
components. The highest value was characteristic for stem and bark, and the lowest for fine
roots, resulting in an average of 50% carbon content in dry biomass. NPP was calculated as
50% of the total dry biomass. Within the main study area (1 ha), other forest ecosystem
elements such as deadwood (both above and below ground) and undergrowth (herbaceous
plants, bryophytes, woody plants up to 0.5 m high) constituted approximately 6.3% of the
total dry biomass.

A A }

- Small branches

g - Thick branches

- Needles

: AGB
P Stem
11-12 sections
v + Dead wood
above- and
A A belowground

é*AThick roots BGB

C

Figure 2. Scheme of tree components used for in situ biomass investigation of five model trees

collected from the main research area. AGB—Above Ground Biomass, BGB-Below Ground Biomass.

2.5. In Situ Allometric Equations—The Relationship between Biomass of Tree Components and
Their DBH

The total dry biomass of individual trees was correlated with their DBH in order to
obtain site-specific allometric equations (Figure 3). Fitted non-linear regression parameters
suggest that total dry biomass is highly correlated with DBH-the coefficient of determi-
nation exceeded 0.9. A power-type regression was used, since this function type best fits
the data. The approach of relating total biomass of the tree to its DBH will hereinafter be
referred to as the “site-specific method M1”.
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Figure 3. In situ allometric equation derived as the relationship between total dry biomass and
diameter at breast height (DBH) of five model trees.

To estimate the biomass of the different tree components, particular functions can be
fitted. However, Picard et al. (2012) suggested that these should be used together (equation
matrix) rather than separately (simple sum) when calculating total tree biomass [27]. In
our work, the parameters were obtained for individual components based on direct in
situ measurements; these were summed to derive the whole tree biomass. Stem increment
of the average tree determined from dendrometer measurements was used to relate the
biomass of individual tree components to DBH. The resulting set of empirical equations is
presented below (Equation (1)), hereinafter referred to as the “site-specific method M2”.

0.3932 DBH'“*8 — 4 [R? = 0.99]
0.0122 DBH?%25 _ [R2 = 0.72]
. 0.0586 DBH63%5 ¢ [R2 = 0.75
Total dry biomass = Z 0.0537 DRI _ g [Rz _ 0.70] 1)
0.0381 DBH 29% —¢ [R? =0.87]
0.014 DBH +0.8245 — f [R? =067

where DBH—diameter at breast height, a—stem + bark biomass, b—thick branches biomass,
c—needles biomass, d—thick roots biomass, f—small roots biomass. The coefficient of
determination (R?) for the obtained equations is given in square brackets.

In addition, we compared the results obtained from in situ allometric equations
with those from Wegiel and Polowy [1], which were determined to be decent empirical
estimations for comparison. Their research area was located about 50 km northwest of the
Mezyk site, and their equations were derived for 82-year-old Scots pine. The climatic and
meteorological conditions of both ecosystems are very similar.

2.6. Eddy Covariance Data Processing

Raw net ecosystem exchange (NEE) fluxes were calculated using commercial EddyPro
software (version 7.0.1, Lincoln, NE, USA) with default settings. According to this mode,
several processing steps were applied: despiking, amplitude resolution, drop-outs, absolute
limits, skewness and kurtosis, discontinuities analysis. The following corrections were
then made: angle of attack, since a Gill anemometer was used, double rotation correction,
the time delay due to the separation of measuring instruments, block averaging and
density correction (WPL). Basic filtering included stationarity test according to Mauder
and Foken, [28], and thus only data with “0” flag were used here for further computation.
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Fluxes measured during low turbulent conditions were removed by using friction velocity
threshold as a sufficient turbulence parameter [29-31]. For this purpose, the measurement
period was arbitrarily divided into monthly sub-periods. Friction velocity threshold (u*th)
was calculated for each month and the data was filtered in these periods according to the
given u*th value. Outliers were then removed, assuming monthly integration periods
and two standard deviations value as a criterion. The “anomalize” package for R was
used for this purpose [32]. The rate of concentration change (i.e., the storage flux) of CO,
and H,O (ASCO; and ASH;O, respectively) in the air column below the EC system was
also calculated in the EddyPro software [33]. Briefly, storage fluxes are obtained as the
difference between the average concentration in the beginning and in the end of a specific
averaging period (most often 30 min, as also in our study). This yielded similar results
to those obtained with the concentration profile approach [34]. Both ASCO, and ASH,0O
values were accounted for in the final fluxes calculations [35]. Finally, NEE fluxes gap-
filling and partitioning into GPP and ecosystem respiration (Reco) was performed using the
“REddyProc” package [30] in the R environment [26], following the Reichstein night-time
approach of using the air temperature measured under a canopy at 2 m above ground for
the Reco fluxes estimation [31,36-39]. In addition, water fluxes (given as evapotranspiration,
ET) obtained by the EC method were calculated and gap-filled according to the same
methodology as for the carbon fluxes, also using the REddyProc package [30].

The assimilation of atmospheric CO; is undoubtedly correlated with wood growth.
However, due to the complexity of distinguishing irreversible seasonal wood growth from
the increase in tree volume that results from reversible swelling and contraction of the stem,
it was very difficult to determine this relationship, especially over a period of less than
one year. The occurrence of the periodic reversible shrinkage or expansion of DBH mainly
resulted from changes in the water content of plant tissue, and not from the actual increase
in biomass. Nevertheless, there are various concepts regarding tree growth during periods
of reversible contraction in response to water stress conditions. One such example is a
concept of “zero growth” during periods of stem shrinkage, which utilizes a water-related
growth threshold [40]. During a dry period, the stem may increase in size as a result of
water-related swelling of stem tissues [41,42]. For example, a slight increase after longer
periods of water shortage was observed in two deciduous and two evergreen trees species
in one dry and two wetter sites in Switzerland; this increase was interpreted as activity
during periods of stem swelling and shrinkage [40]. Therefore, due to these difficulties, we
have presented the annual stem increment and the total biomass growth for both years.

2.7. Carbon Use Efficiency (CUE) and Definition of Vegetation Period

CUE (CUE = NPP/GPP) was calculated using the results obtained both by biometric
and EC measurements. GPP obtained from the EC system has been summarized for each
study year starting from the point when the annual cumulative value of net ecosystem
productivity (NEP) was no longer negative relative to the maximum value of the previous
year. The end of this range was defined when the positive annual growth of NEP ended
and the cumulative values began to decline, suggesting the overall advantage of emissions
over CO, absorption. This period will be referred hereinafter to the “vegetation period”,
in order to differentiate this from the wood growth period (B) when the carbon absorbed
during photosynthesis was turned into the growth of tree biomass.

For clarity, all described calculations and the final combination of results from dendro-
metric, biometric and EC measurements are presented in the diagram below (Figure 4).
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Figure 4. Schematic of data analysis and calculation combining results from dendrometric, biometric and EC measurements
for obtaining net primary productivity (NPP), gross primary productivity (GPP) and carbon use efficiency (CUE).

2.8. Drought Conditions Estimates

To present the characteristics of individual months in terms of drought occurrence over
the study period (2019-2020), the SPEI Global Drought Monitor database was used [43].
Standardized precipitation evapotranspiration index (SPEI) is a multiscale drought index
that combines precipitation and temperature data based on normalization of water balance
estimation [44]. Detailed methodology for calculating and applying this indicator is
presented in the literature [44—46]. In addition, complete description of the used data and
metadata can be found online [https:/ /spei.csic.es/home.html access on 1 February 2021].

3. Results
3.1. Drought Occurrence Detected by SPEI Index Monitoring

SPEI index values over a three-month time scale were used here, since it is assumed
that such scale allows effective assessment of meteorological drought intensity. The refer-
ence period ranges from 1950 to 2020, and the values of this index since 1981 are shown in
Figure 5. Lower negative results indicate more severe drought in a given month. Extreme
droughts are characterized by SPEI values of less than —2. Such conditions occurred at
ME study area in August 2019, as well as in July and August 2018. It should be noted that
even though there were several dry months during both study years, fewer severe drought
events occurred in 2020 than in 2019 (Figure 5).


https://spei.csic.es/home.html

Forests 2021, 12, 867

9 of 20

2
1

m

" ‘
Eo | I l 'I‘dllll . My .|I | 0
ol VN i
=1 =1
-2 -2
3 -3
- N M O oMo ~NMW ~N O OO NM n o~ " - M T O~ O/ O
2 8883288088888 88_82E/sesa598 8
= o - = I I I I ] ™ N NANNNN NN
1 Date
05
0 - -
10 ] 11
NINIL
O
o
o
w45
-2
2.5
I8 28893 T322°8888R88888%
- 5 - aEE a 4
5822§333382338328333388
Date

Figure 5. SPEI (standardized precipitation evapotranspiration index) values estimated over a three
month scale during the period of 19812020 (upper panel), and for individual months during
2019-2020 (bottom panel). Reference period: 1950-2020, based on SPEI Global Drought Monitor
database [43].

3.2. Meteorological Conditions and CO, and HyO Fluxes Courses

The highest monthly precipitation for 2019 was recorded in September (more than
100 mm), and the lowest in April and June (both less than 20 mm). In 2020, the drought
conditions in April were even more severe, as the sum of P for that month did not exceed 10
mm. On the other hand, precipitation conditions during the summer season of 2020—which
is important for tree growth and development—were generally much more favorable than
in the previous year (Table 2). In 2020, the highest monthly precipitation total was recorded
in July, and amounted to slightly less than 100 mm. In general, 2019 was drier and warmer
than 2020. However, annual GPP totals were quite similar, while ET reached significantly
higher values in 2020, particularly during the summer (Table 2). The ratio between annual
totals of Reco and GPP were similar between the years (0.75 and 0.76 in 2019 and 2020,
respectively). Thus, the difference between GPP and Reco, which in principle constitutes
net primary productivity (NEP), was only slightly higher in 2019. Compared to 2019, 2020
was characterized by lower mean Tair, vapor pressure deficit VPD, global radiation (Rg),
and higher mean SWC. Aside from spring, higher Rec, totals were measured in 2020 on
the seasonal scale. ET sums for spring and summer, as well as annually, were also higher
in 2020 than the previous year. Even though ET totals in autumn were almost equal in
both years, precipitation totals were substantially higher in autumn of 2019 than in 2020
(Table 2). In spite of the higher Tair, VPD and Rg in autumn 2020, the SWC was almost
the same as in 2019. Regardless of the season, GPP totals were higher with higher average
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Tair and higher SWC. Even though increased precipitation was recorded in spring and
autumn of 2019, this did not correspond to increasing SWC. As such, SWC in spring of
2019 was lower than in 2020. It should be noted that in spring and summer (i.e., the most
important periods for plant growth), photosynthesis rates (GPP) were higher in 2019. This
likely resulted from the higher average temperatures and slightly higher radiation that
summer, even with lower soil water content (Table 2).

Table 2. Annual and seasonal (spring: March-May, summer: June-August, and autumn: September-November) precipita-

tion totals (P), mean vapor pressure deficit (VPD), mean global radiation (Rg), mean soil water content (SWC), and totals of

gross primary productivity (GPP), ecosystem respiration (Reco) and evapotranspiration (ET) during the period 2019-2020 at

the ME site.
YEAR P(mm) T, (°C)  VPD (kPa) R, (Wm-2  SWC (%) GPP Reco ET (mm)
air g (ngfz) (ngiz)
2019 509 9.87 0.37 127.7 6.7 1724 1284 479
2020 624 9.73 033 1272 8.6 1727 1316 493
Spring 2019 116 9.32 0.49 165.3 7.7 536 301 129
Spring 2020 98 7.97 0.39 191.4 9.9 511 259 140
Summer 2019 70 18.48 0.76 238 4 5.1 776 527 168
Summer 2020 232 17.45 0.58 209.7 55 765 575 181
Autumn
2019 191 9.64 0.12 71.8 7.1 314 330 112
A‘z‘g‘;gm 132 10.32 0.25 75.8 7.0 317 352 100

3.3. Identification of Specific Periods during Wood Growth

In order to determine the individual dendrometric phases, the stem increment for both
studied years was followed. In order to distinguish growth processes from reversible water-
related processes and to avoid the disturbing effects of rapid freezing-induced changes in
stem diameter during winter, the starting point for annual radial growth of the stem was
set as the previous year’s culmination [47]. The point of the maximum winter contraction
(MWC) occurred at a similar time in both years (21 April 2019 and 23 April 2020) (Figure 6a).
From that moment, rapid relaxation began and DBH increased simultaneously. However, in
order to quantify the actual increase, the biomass growth was estimated from the beginning
of seasonal growth after rehydration—i.e., 1 May and 2 May for 2019 and 2020, respectively,
until the end of the growing period when DBH stopped increasing. In early October 2019,
the end of the seasonal increase in biomass was recorded (tree circumferential growth),
while the DBH growth continued in 2020 until mid-October (Figure 6a). Thus, the total
period of actual wood growth (B) was 14 days longer in the second year. During winter, the
change in DBH was caused by reversible trunk variations. The beginning of the seasonal
biomass growth was then assessed from the cessation of growth in the previous year (PO
point). By applying the methodology described in the Materials and Methods section
(Figure 4) and recognizing B period range for the average tree, NPP was calculated for both
years. (Figure 6b).
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Figure 6. Specific moments and periods of tree growth based on: (a) dendrometers and (b) eddy
covariance measurements. SG—Stem increment over the year, related to seasonal growth, MWC—
maximum winter stem contraction, B—wood growth period, PO—the zero-point of the current year
that corresponds to the respective culmination point of the past year, NEP-net ecosystem productivity,
CO; sink-ecosystem productivity over the year.

Differences in the course of DBH growth between the years are visible, especially in
summer—August in particular—when dry conditions prevailed in 2019 year (Figure 6a).
According to the theory of zero growth during periods of stem shrinkage, the increase in
biomass was significantly limited in the most optimal period in terms of productivity [40],
since any potential growth-induced expansion is associated with the time after tree water
deficit-induced reversible stem shrinkage has completely ceased. In 2019, the increase in
DBH was on average 0.14 mm per tree, while in 2020 it was 0.16 mm, so the difference was
over two hundredths of a millimeter. Nevertheless, considering there is over 4200 trees per
hectare in our study area, even a small change in DBH increment over a year can translate
into an increase in carbon accumulation in the biomass by as much as 0.6 tons per hectare
(Figure 6; Table 3).

3.4. Stand Biomass and CUE Estimations

As shown above, the total increase in biomass was determined starting from the point
after the rehydration period (Figure 6a). EC-derived GPP for the vegetation period ranged
from the beginning of March to the end of September for both years (Figure 6b.). The
estimates of NPP and GPP allowed the calculation of the CUE values. It should be pointed
out that GPP summarized for the vegetation period represents the total CO; amount
absorbed from the atmosphere which could be then potentially be built into the tree’s
tissues as carbon (C).
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Table 3. Results of the dry biomass estimations including above- and belowground biomass for two site-specific allometric

equations M1 (one equation for the whole tree) and M2 (separate formulas for tree components), based on dendrometers

and in situ biometric measurements, including deadwood and understory (NPP) as well as NEP and GPP values derived

from the eddy covariance observations. B—wood growth period.

Year 2019 2020
M1 M2 M1 M2
Total Sten(‘cﬁifré‘:g‘éfof;gtzfrage tree 0.142 £ 0.01 - 0.164 £ 0.01 -
Total increase in dry biomass of an average tree (kg) 0.942 £ 0.070 0.978 £ 0.072 1.206 + 0.070 1.255 + 0.073
Total biomass of the stand at the end of growing 203.387 + 0.295 204.017 + 0.306 208.861 + 0.298 209.714 + 0.310
seasons (tha™")
Total increase in dry biomass of the stand (t ha™') 4.273 £+ 0.295 4.439 + 0.306 5.473 +0.298 5.697 + 0.310
Total NPP (t C ha™1) 2.137 +0.148 2.220 +0.153 2.737 +0.149 2.849 +0.155
GPP total during vegetation period (t C ha™!) 14.70 14.49
NEP total during vegetation period (t C ha™1) 5.00 4.50
CUE for vegetation period 0.15 0.15 0.19 0.20
GPP total during B (t Cha™') 11.79 11.74
NEP total during B (t C ha™') 3.70 3.19
CUE for B 0.18 0.19 0.23 0.24

Using the first method of the allometric equation with the general formula (M1), an
absolute increase in dry biomass of 0.9 kg per average tree was estimated in 2019, and 1.2 kg
in 2020 (Table 3). Considering the number of trees estimated at our study site (4262 per
hectare), the total increase in dry biomass was approximately 4.3/4.4 t C ha~1 in 2019,
and 5.5/5.7 t C ha~! in 2020 (calculated by M1/M2 method, respectively). Consequently,
NPP was approximately 2.1/2.2 t C ha~! in 2019, and 2.7/2.8 t C ha~! in 2020. A possible
uncertainty was also given, considering an error that could occur when determining the
phases of the biomass increase (£0.01cm for initial increment measurement; Table 3). This
also reveals how the 0.01 cm of the average DBH increment for each tree translates into the
estimation of the total forest biomass during the year (the difference of 0.01 mm, depending
on the method, gives an error of ca. 0.3 kg of the total dry biomass of the stand unit area).

The total amount of absorbed CO, (GPP) during the vegetation period was higher
in 2019 than in 2020 (Table 3). However, the sum of respired CO; (Reco) during the same
period was slightly higher in 2020 (10 t C ha=1) than in 2019 (9.7 t C ha™!). Hence, the
difference between GPP and Reqo, which essentially constitute Net Ecosystem Productivity
(NEP), was higher in 2019. Nevertheless, CUE, which is a key indicator of how much
absorbed CO, was fixed and converted into fresh wood growth, was higher in 2020. CUE
has been calculated both for the vegetation period (different periods for total annual NPP
and total annual GPP) and the wood growth period (B) (Figure 6; Table 3). It was found
that CUE for the vegetation period remained fairly low in both years, although it was
higher in 2020; depending on the method, it was estimated to be 0.19/0.20 (M1/M2). In
2019, it was estimated to be 0.15 using both methods. For the B period, CUE values were
0.18/0.19 and 0.23/0.24 in 2019 and 2020, respectively (Table 3).

4. Discussion
4.1. NPP Biometric Estimates

Forests absorb carbon dioxide in the process of photosynthesis. Part of it is fixed in
plant biomass (carbon sequestration), while some returns back to the atmosphere through
ecosystem respiration. In this study, biometric measurements and derived site-specific
allometric equations (M1/M2 method) showed that, on average, 2.0/2.1 t C ha~! was
sequestered in wood tissues of a 25-year-old Scots pine stand (annual NPP totals) in dry
2019. In the following year, characterized by moderate water availability, these values
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were 2.6/2.7 t C ha~! (Table 3). Among various forest types, boreal forests are the least
productive (the lowest annual NPP totals) in comparison to temperate and especially
tropical forests. The results from the global studies conducted by Xu et al. suggest that,
on average, less than 10 tons of carbon per hectare is assimilated in boreal forests in the
form of new woody tissue, while more than 12 tons of carbon per hectare is sequestered
in temperate forest ecosystems [48]. On the other hand, Xu et al. [48] have shown that
across biomes, the highest NPP is found in middle-aged forests (mean = 6.5 t C ha™!),
while young forests showed the lowest NPP (average = approx. 4 t C ha~!) [48]. The
respective results presented in our study indicate annual NPP totals several times lower
than the average for boreal forests, and roughly two times lower than the average for
young forests, even though the research was conducted at a Scots pine stand located in
a temperate climatic zone. This surprising outcome is likely related to the young age of
the stand, and further to the extreme meteorological conditions that occurred in the year
2019 (extreme drought) and slow recovery in 2020, in which the impact of the previous
year’s conditions was still noticeable. Another reason for these lower values could be the
differences in methodology between cited study presented above, which covers various
species of the climatic zones, while our study concerns only one dominant tree species.
Drake et al. [17] reported NPP values twice as high as those found at the ME site—roughly
4tCha~! year™! for forests of loblolly pine older than 20 years. These authors also report
the highest NPP for trees younger than 20 years (assuming NPP as the sum of wood,
foliar, and fine roots production), concluding that for this pine species, NPP generally
decreases with age after reaching this maximum [17]. There has been broad discussion in
the literature addressing the question of the decrease in NPP with forest age. This revealed,
inter alia, that the decline in GPP—rather than an increase in Ra—was the cause of NPP
decrease as pine trees aged [17]. Sapwood respiration, which is an important component
of Ra, also decreases with age. The decrease in pine GPP was driven by the age-related
decrease in canopy conductance, which is in line with the hydraulic limitation hypothesis
of Ryan et al. [17,49]. Hence, it is expected that in the future, stand biomass growth that
was currently estimated for the Mezyk site will most probably decrease. Further studies
are needed to show at what age exactly NPP reaches its maximum for this temperate Scots
pine stand, and what meteorological conditions will be conducive to this.

4.2. Differences between Meteorological Conditions in 2019 and 2020 and Their Impact on NPP
and GPP, and CUE Values

It has been suggested that carbon use efficiency decreases with forest age [19]. In
our study, CUE increased in 2020 compared to the previous year, which comes from only
slightly higher annual total of GPP with generally higher NPP. This can be explained by
more favorable environmental conditions—higher average soil water content and higher
precipitation totals, both annually and in the summer—which led not only to a higher
NPP/GPP ratio, but also to higher total ET fluxes. Stomata minimize the amount of
transpired water per given gross primary productivity (GPP) rate under scarce water
conditions, which has a theoretical basis in photosynthesis and air humidity control on
stomatal conductance [50]. Therefore, by reducing water loss during drought conditions
while maintaining photosynthesis at a fairly stable level for as long as possible, drought
conditions have a greater impact on the annual variation in ET totals than GPP. ET sums
were lower both in spring and summer of 2019 (Table 3.), when dry conditions were more
severe. The differences in meteorological conditions between 2019 and 2020 resulted
in only slight changes in photosynthesis and transpiration fluxes. Considering their
influence on NPP, the impact was significant—almost 1 t C ha~! more in woody biomass
in 2020 compared to dry 2019. The drought that occurred in 2019, especially in June and
August, has particularly important consequences. Since the highest GPP values were
observed in summer months (in 2020 constituting 52.8% of the total vegetation period GPP,
and 44.3% of its annual total), their contribution was crucial on the annual basis. Thus,
significant reduction due to drought can lead to the decrease in summer contribution to
both vegetation period and annual GPP totals. Nevertheless, in 2019, especially with a very
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dry August, the share of GPP in relation to the entire year and the vegetation period was
not less than in 2020 (52.8% and 45%, respectively).

The average annual CUE from across a range of forest ecosystems has been estimated
as approximately 0.5, which means that, on average, half of the carbon absorbed in the
photosynthesis process is allocated to the growth of wood tissue [51-53]. Nevertheless,
reported CUE ranges from 0.2 to 0.8 depending on species, environmental, age and method-
ology [19,51,53,54]. According to the study of different-aged pine stands (6-, 19-, 34-, and
69-years-old) in southern Ontario, Canada, CUE varies greatly with age. Annual mean CUE
during 2005-2008 amounted to 0.61, 0.33, 0.50, 0.43, respectively [2]. This research consid-
ered different climatic conditions of a 30-year norm, where the year 2005 was identified as
hot and dry, 2006 as hot and wet, 2007 as warm and dry, and 2008 as a nearly average year.
In another study conducted in a managed forest (afforestation) with predominantly Pinus
halepensis species (Yatir Forest, Israel), annual CUE ranged from 0.38 to 0.42, depending on
the method used [51]. Thus, it can be conluced that in relation to similar ecosystem types
(temperate pine forest), the CUE values presented in our study are quite low.

It is worth emphasizing that wood growth is even more drought sensitive than photo-
synthesis itself [24,55,56]. Nevertheless, when severe drought occurs, the photosynthesis
rate slows due to stomata enclosure, and biomass growth is also reduced [57]. In the
research by Campioli et al. conducted at a temperate beech forest, it was shown that
annual GPP totals were significantly lower in years when drought occurred, compared to
wetter years; a corresponding significant decrease in NPP was also seen [24]. Hence, in
dry years the annual NPP/GPP ratio was still quite high (40-44%). The data shows that
the reduction in annual net primary productivity in our study is related to the occurrence
of conditions distant from the comfort zone (in this case, the occurrence of drought). This
can be explained by the adaptation process in which forest ecosystems adjust their optimal
productivity to the climatic conditions of the region that used to be close to the average [2].
In addition, Peichl et al. [2] observed a negative relationship betwen NPP and air temper-
ature, which is opposite to the common understanding of the NPP climate response in
forests [58]. Such effect also seems true for our research, where a lower NPP total occurred
in the warmer year. However, this was more likely caused by drought and/or heat stress,
which are generally limiting conditions of NPP in warmer years [59]. Importantly, our
results are based on only two years of data (one of which being extreme climate conditions),
making them less reliable in supporting the findings of Peichl et al. [2]. Moreover, summer
of 2020 was cooler, such that the total GPP sum was lower than in the previous year. A
higher total NPP is recorder in years characterized by dry conditions—for example in the
research by Campoli et al., who found a relatively high NPP during the extremely dry 2003,
which is even more difficult to explain [24]. One possibility is interannual growth buffers
such as C reserves and buds preformed in the previous year, especially if it was climatically
medium or wet. This was not the case in our study, since 2019 followed a very dry year,
which probably also influenced the presented biomass growth results. The average value
of the SPEI index from March to October in 2018 amounted to —1.64. Extreme drought
was evident in June (SPEI = —2.36) and August (SPEI = —2.09). Furthermore, extreme
conditions such as drought often hinder thorough analysis and interpretation, as well as
different physiological responses of plants to the existing conditions. Plants adopt a special
“strategy” as they partition resources among different organs for optimal functioning. This
helps to maximize life span, seed production, and growth rate under particular environ-
mental conditions [60]. It was found that in a tropical forest, the lowest CUE (0.35) occurred
in undisturbed forest patches, while slight forest disturbance had a positive effect on CUE
increase (0.62) [7]. Moreover, the authors of this study suggest that monocultures had a
higher CUE than mixed forest stands. In our research, the difference in NPP resulted in
approximately 0.600 t C ha~!. Applying the literature-derived method (excluding dead
branches) yielded in 0.566 t C ha~! for the ME site [1]. The literature-derived absolute
sums of biomass and NPP were approximately 20-30% lower than those calculated by
constructing equations based on in situ data, which amounted to 1.7 C ha~! for 2019 and
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1.9 C ha~! for 2020. It was thus concluded that in biomass research, site-specific equations
are more likely to give robust results. The literature-based solution resulted in very low
CUE, which amounted to roughly 0.13 for 2019 and 0.15 for 2020.

4.3. Difficulties in Calculating NPP as a Part of GPP Using Different Approaches

The use of allometric relationships between stem diameter (DBH) and tree biomass
can lead to systematic errors in aboveground NPP estimates [14]. It has also been suggested
that the use of inadequate allometric equations and uncertainty in the estimates of fine-
grained litter production potentially introduces significant errors in biometric estimates of
NPP [2,61-63]. Several reports have showed that discrepancies between biometric and EC
measurements on an annual basis may be caused by the time-lag between carbon assimi-
lated in photosynthesis and its allocation represented by stem growth [64]. Nevertheless,
relative annual changes of NEP were found to be comparable between the two estimation
methods, even when there were differences in its absolute values [65-67]. In our research,
lower productivity in spring and summer (GPP) was associated with less severe drought
events in 2020, although Reco increased in the summer and autumn of this year and was
thus higher than in 2019. In general, the highest respiration fluxes were found to be in the
summer, apparently caused not only by high temperatures but also higher overall plant
activity (leaves and fine-roots are present and active, growth is occurring, etc.) [31]. The
total EC-derived sum of NEP from March to October was higher in 2019 by 0.5 t C ha~!
than in 2020 (Table 3). Higher NPP values were estimated for the same period in 2020
with biometric methods. Thus, the results obtained in our study suggest that higher NPP
values estimated with biometric equations are associated with lower GPP and higher
CUE. These may occur together with a lower NEP derived from EC measurements in the
same season (Table 3). Notably, it is assumed that if the share of GPP used for respiration
changes depending on soil conditions, NPP should also vary according to the ratio of
NPP to GPP. Collati and Prentice attempted to answer the question posed by Waring
et al. [52] 20 years earlier, and investigated if NPP of forests is a constant fraction of GPP.
Their results provided evidence to reject the hypothesis of a universal or constant ratio of
NPP to GPP, which in fact changes under disturbances, ageing and changes in biomass
accumulation with changing climate, soil fertility and management practices. These have
all been indicated to influence the ratio of NPP to GPP, likely in a non-mutually exclusive
manner [68]. However, this approach was already implemented as a simplified concept
in a large number of ecosystem models. In our research, such variation was also true:
very similar GPP values estimated for different years under varying conditions did not
change proportionally to NPP totals in the studied period. On the contrary, they indicated
greater wood growth in a moderately wet year with higher soil water content during spring
and summer.

It is often considered that low CUE results do not reflect a significant underestimation
of NPP, but are more likely related to the overestimation of GPP, since CO; fluxes measured
by the EC method are prone to uncertainties. Different conclusions have been reached
when using the open path (OP) analyzers as compared to closed path (CP) analizers.
For instance, Richardson et al. compared random CO, fluxes using concurrent CP and
OP measurements above soybean and maize crop [69]. The authors found differences
in random flux uncertainty to be negligible during the day, while at night the random
uncertainty of the OP system exceeded that of the CP systems by up to 20%. On the
contrary, another study suggested very small differences in the random flux uncertainty
between CP and OP systems [70]. Some of the latest results from Bog Lake Peatland flux
tower (US-MBP on AMERIFLUX) suggest that during the growing season, the OP system
measured larger net daytime CO; uptake than the CP sensor did, while the OP and CP
CO, fluxes tended to converge at night [71]. A specific difficulty in the methodology used
here was the appropriate estimation of the end of period for the stem diameter increment in
2018, which was the reference point for the start of the biomass growth in 2019. Interpreting
data from band dendrometers becomes difficult due to reverse contractions and swelling of
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the stem, especially in winter. It has been found that the effects of freezing temperatures on
plant functions differ greatly from those caused by low, but non-freezing, temperatures [72].
Severe dehydration can be caused by the formation of extracellular ice under freezing
conditions, so that the plant retains its ability to cope with these conditions [73]. As
a consequence of hardening the plant in response to cold, the lipid composition [74],
membrane structure [75] and sugar concentration [76] vary greatly, and some specific
metabolites, including proteins that prevent freezing, accumulate [72,77]. This, among
other issues, caused the visible swelling of the stem that was observed in January 2019,
which was not related to wood growth.

5. Conclusions

Our study of a 25-year-old temperate Scots pine monoculture in north-western Poland
has led to several conclusions:

Using five sampled trees at the Mezyk research area, the combination of biomass
measurements, continuous dendrometric measurements, and recognition of the stand
structure allowed site-specific allometric equations to be derived. Absolute values of wood
biomass growth in 2019 and 2020 were also calculated, which were more robust than
literature-derived equations.

The drought in spring and summer 2019 was preceded by even more severe drought
in 2018. As a result of this extreme water conditions, the NPP in this young Scot pine
monoculture was about 0.6 t C ha~—! lower than in moderately wet 2020.

The higher temperatures in spring and summer led to higher GPP in these seasons
in 2019, despite the lower precipitation and soil water content. On an annual basis, GPP
totals were comparable between the years. Slight changes in GPP sums during vegetation
periods of the study period did not correspond to proportional variation in NPP total sums,
which were considerably higher in the wetter year.

The thermal and humidity conditions that occurred in 2020 were more favorable than
in 2019. This resulted in higher Reco and NPP sums, despite the lower GPP and NEP in 2020,
which resulted in higher efficiency in the use of carbon assimilated due to photosynthesis
for new wood production (CUE).
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Abstract

Scots pine, as one of the dominant European tree species in the temperate zone, is experiencing intensified water deficits,
especially in north-western and central Poland, where it suffers from frequent droughts and generally low precipitation. This
work investigates drought impact on forest functioning, by analysing ecosystem transpiration under normal as well as dry
conditions. Therefore, eddy covariance (EC) and sap flow measurements (using the thermal heat balance, THB, method)
were combined to estimate transpiration (7) in two different-aged Scots pine (Pinus sylvestris) stands in north-western
Poland: Mezyk (ME; 26 years old) and Tuczno (TU; 67 years old). Transpiration (7) estimates regarding EC measurements
were derived from gross primary productivity (GPP) fluxes and vapour pressure deficit (VPD) dependence, considering
their common relationship with stomatal activity. In 2019, the year following severe drought in Poland and Europe in gen-
eral, total annual transpiration estimated based on sap flow measurements (Tgr) was significantly lower than EC-derived
transpiration (Tjc) at both sites. The total ratio of Tgp/Ty for the growing season (March—August) was 0.64 and 0.41 at ME
and TU, respectively. We thus speculate that the understory, which was more abundant in TU than in ME, and which could
only be observed by the EC system, may be responsible for the observed discrepancies. Bigger differences between T'qz and
Ty occurred under dry and wet conditions, while both were fairly similar under moderate conditions. The analysis of the
relationships between T and soil water content (SWC) at depth of 10 cm revealed that there is a thresholds (SWC~3.5%)
at which T starts to decrease sharply, presumably due to stomatal closure. However, the decrease in GPP fluxes at the
same time was less pronounced, indicating the impact of additional non-stomatal factor on water conductivity. We gener-
ally conclude that care should be taken if the conclusion of the occurrence of drought stress of some plants is derived from
a bulk evapotranspiration flux, as it is commonly done with EC measurements averaging over the whole ecosystem. Our
results also support the notion that non-stomatal water losses are an important element during extreme dry conditions, and
that these may appear not only when stomata are already closed.

Keywords Heat balance method - Eddy covariance - Transpiration - Scots pine - Water balance - Drought stress - Temperate
forest
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in the global carbon and water cycling. Ecosystem distur-
bances originating from human activities (e.g. harvesting,
land cover changes) and natural causes (e.g. drought, wild-
fires, windstorms) significantly affect hydrological processes
at any ecosystem by impacting vegetation dynamics (Wang
et al. 2018). It is commonly known that stomata play a domi-
nant role in regulating the amount of water transpired (T) by
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vegetation (Jarvis and Mcnaughton 1986; Pieruschka et al.
2010). On a global scale, the transpiration fraction of evapo-
transpiration (ET) is estimated to be 56-74% (median=65%,
mean =64%) (Good et al. 2015). It has been previously
reported that T/ET varies among different types of vege-
tation which is though the highest in forests (Moran et al.
2009; Hu et al. 2018). It was also found that the average 7/
ET in temperate coniferous forests is 55+ 15% s.d. (standard
deviation), while for boreal forests it is ca. 65+ 18% s.d.
(Schlesinger and Jasechko 2014).

Understanding the relationship between T, ET and pre-
cipitation (P) allows proper planning and implementation
of water management in terms of ecosystem efficiency and
water protection (Aiken and Klocke 2012). However, esti-
mating the transpiration flux at the ecosystem level is dif-
ficult due to inter-species differences as well as variability
between trees of the same species. Therefore, a mechanistic
understanding is needed to estimate the transpiration flux
of individual trees. Also, specific environmental condi-
tions can affect the strategy of plants to maintain the high-
est photosynthesis rate at the expense of the lowest water
loss. It is particularly important to identify when/in which
conditions such strategy begins to affect plants’ health, as
this can eventually lead to tree mortality. It is projected that
drought-related tree mortality will most probably increase
in the future on the global scale, yet the knowledge required
to accurately predict forest functioning under drought stress
and the occurrence of tree mortality itself is still limited
(Plaut et al. 2012; Trugman et al. 2021). Therefore, any
research aiming at understanding water scarcity impact on
forests functioning helps to improve the estimates and future
predictions related to drought resistance.

The general impact of drought can be described as a
strong influence on water and carbon fluxes, and con-
sequently the productivity of all terrestrial ecosystems
(Granier et al. 2007). For these reasons, thorough analysis
of water cycling, its individual components and its inter-
actions with the carbon cycle in ecosystems is crucial for
understanding the factors controlling these processes. One
of the most crucial links in water cycle of land ecosystems
is the soil, because it is the first element of soil-tree—atmos-
phere continuum. Water deficit in the soil can thus affect
several stages along that continuum substantially (Bréda
et al. 2006). Besides, drought stress alters both soil-root
and leaf-atmosphere exchange, which further threatens the
integrity of the liquid phase continuum from soil to leaves.
It has been shown on the example of urban trees that an
increase in drought stress and susceptibility to drought can
lead to the development of embolism, suggesting a stress-
induced deterioration in hydraulic conductivity (Savi et al.
2015). Drought stress reduces the exchange of both water
and CO, fluxes and consequently limits tree growth. It
comes from the fact that water availability is one of the most
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important drivers for both processes (Levesque et al. 2017).
It is assumed that under drought-related stress conditions,
the rate of water and carbon exchange with the atmosphere
should decrease. The suggested underlying mechanism of
that reduction is the closing reaction of stomata which has
evolved to protect against excessive dehydration and physi-
ological damage to plants (Oren et al. 1999).

Partitioning ET into T and F is challenging, but can be
done using various methods including: eddy covariance
(EC) observations, chamber measurements, isotopes analy-
sis, lysimeters and sap flow systems (Kool et al. 2014; Sul-
man et al. 2016; Anderson et al. 2017; Rafi et al. 2019).
The ET partitioning utilizing EC point measurements, which
are nowadays available from numerous sites, can be done
indirectly by the use of empirical relationships or estimated
from above- and below-canopy systems working simultane-
ously (Paul-Limoges et al. 2020). Nevertheless, at many flux
tower sites the measurement setup is located only above the
tree canopy.

In this work, in addition to direct sap flow measurements
at several trees, the transpiration of the entire forest ecosys-
tems was obtained by partitioning ET fluxes (T) derived
from one above-canopy EC system, using the relationship
between gross primary productivity (GPP) and vapour
pressure deficit (VPD) (after Berkelhammer et al. 2016).
It is well known that the higher the VPD, the higher the
transpiration at the leaf level (Yong et al. 1997; Broughton
et al. 2021). Simultaneously, stomata regulates transpiration
via adjusting closing/opening range to avoid a decrease in
water potential (Oren et al. 1999). The interplay of these are
described by stomatal optimization theories that maximize
carbon gain for a given amount of water loss in the rooting
system per unit leaf area. The assumption of optimizing sto-
matal control makes T proportional to GPPxVPD®’ (Katul
et al. 2009). In addition, the method assumes that the T can
be approximated by ET during ideal conditions for transpira-
tion (Stoy et al. 2019). The T=ET line is determined from
half-hour eddy covariance data by regressing the minimum
ET values defined as the 5th percentile of ET values in each
GPPxVPD" bin. A linear regression of these minimum ET
values defines the T=ET line, and any point below this line
has T/ET equal to 1 by definition. Due to stochastic nature
of half-hour values of eddy covariance, some data points are
below the T=ET line (Berkelhammer et al. 2016). Moreo-
ver, many water use efficiency (WUE)-derived methods
for ET partitioning are based on these same assumptions
(Berkelhammer et al. 2016; Zhou et al. 2016; Boese et al.
2017; Stoy et al. 2019).

In this paper, we estimated ET and T fluxes in two
managed Scots pine stands of different age classes (young
and mature) located in north-western Poland by com-
bining EC and sap flow measurements during the year
2019, with the main focus on the influence of drought
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conditions. We thus follow the rationale of previous stud-
ies (Zhou et al. 2016; Nelson et al. 2018) that focus on 7/
ET mainly for across-site comparisons and land surface
model development, suggesting that 7/ET ratio is likely
more useful than absolute 7 and ET values. Since sap
flow measurements were only available in 2019, com-
parisons of both water fluxes (Tgg and Tgc) were only
available over such a short term. Reliable estimates of
T, especially during dry conditions, are very important
for recognition and diagnosis of forest ecosystem status.
In general, it is difficult to identify the ideal reference
method because each has its advantages and disadvan-
tages. Our dataset allowed for an insight into ecosystem
as well as tree-scale transpiration utilizing robust upscal-
ing method (based on 20 sensors per site). Moreover, the
investigated areas were recently exposed to prolonged and
repetitive droughts. In general, the entire region is one of
the poorest in Europe regarding freshwater supplies with
a large fraction of a Scots pine forests being managed.
Thus, the investigation of how Scots pine trees are adjust-
ing to these harsh conditions, especially in relation to tree
hydraulics coupled with carbon exchange, is important at
the national scale.

The main aim of this study is to determine differences
between the stand transpiration (7)) calculated using the
EC-derived water vapour fluxes and upscaled sap flow
data. Specifically, we determine the suitability of the two
methods to detect changes in 7 in drought conditions. The
purpose of using two different-aged ecosystems with a
similar species composition and soil conditions was to
explore whether the established relationships are age-
and stand-structure dependent. The hypothesis is that
T estimated from the upscaled sap flow measurements
(Tsp) is technically and methodologically more sensitive
to changes caused by drought compared to EC-derived
transpiration (7gc) obtained from directly measured
ecosystem-scale evapotranspiration (ET) and is thus bet-
ter suited to detect drought-induced effects on trees. On
the other hand, the relationship between low soil water
content reflecting drought conditions and an increase in
vapour pressure deficit (e.g. Grossiord et al. 2020) should
result in T to be sensitive to drought similarly to Tgg
obtained at tree scale. Low values of soil water content
(SWC) were used as an indicator of drought on a daily
scale for each site individually. It was also investigated
how GPP changes with soil water conditions, since it is
included in Tg calculation and coupled with Tg via sto-
mata activity. Finally, we discussed the possible role of
understory (shrubs and other hardwood species) transpira-
tion in its total stand value, which is only included in T,
not in Tgr. Thus, the discrepancies between T and Ti
were used as a rough estimate of understory transpiration.

Material and methods
Site description

This research was conducted at two EC study sites. The
first site, Mezyk (ME), is located in north-western Poland
(52°50'N 16°15'E). This 26-year-old forest was established
after a fire in 1992 and is currently dominated by Scots pine
(Pinus sylvestris) and approximately 1% admixture of silver
birch (Betula pendula). The understory (i.e. other hardwood
species and shrubs) is very poorly developed, mainly due to
the young age of the ecosystem and the fact that it was estab-
lished in a postfire area. It has been estimated that within the
1-hectare area, other forest ecosystem elements such as dead
wood (both above- and belowground), herbaceous plants,
bryophytes and woody plants up to 0.5 m high together con-
stitute approximately 6.3% of the total dry biomass. The
estimated tree density within the 500 m footprint of the EC
system is about 4260 trees per hectare. The average tree
height is approximately 10 m, and the average diameter at
the breast height (DBH) is 9.5 cm. The organic layer was
about 2 cm; along the top soil layer up to 2 m where profile
measurements were performed, the dominating granulo-
metric soil type was loose sand. The second site, Tuczno
(TU), is located 50 km north of ME (53°11’N, 16°05’E) in a
mature, 67-year-old Scots pine forest. The main tree species
composition at TU is very similar to that at ME—Scots pine
accounts for 99% of the tree species composition, with an
admixture of birch (Betula pendula Roth). The understory
is dominated by beech (Fagus sylvatica L.) and hornbeam
(Carpinus betulus L.) (Ziembliriska et al. 2016a). Other
abundant species of the forest floor include sea buckthorn
(Pleurozium schreberi), fern (Dryopteris carthusiana), red
raspberry (Rubus idaeus) and two grass species (Deschamp-
sia flexuosa and Calamagrostis epigejos). The approximate
tree density is 600 trees per hectare, and the average height
and DBH are approximately 28.5 m and 31.2 cm, respec-
tively. The soil profile was similar to ME, where loose sand
is the main soil type up to 2 m, with the organic layer reach-
ing 4 cm, composed mainly of freshly fallen pine needles
and branches. According to the classification in the World
Reference Base for Soil Resources (2006), the soil at both
study areas is classified as a Brunic Arenosol (Dystric;
(WRB-IUSS 2007). Similar soil properties at both sites
allowed for a reliable comparison considering soil water
conditions. At both sites the soil was highly permeable, as
evidenced by the grain size composition and fluvioglacial
origins (related to the North Polish Glaciations). The soil
fluvioglacial origin and a thick layer of permeable sands
caused the groundwater to be deep (> 10 m). Basic charac-
teristics of the investigated sites are summarized in Table 1.
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Table 1 Stand characteristics for Tuczno (TU) and Mezyk (ME)
Scots pine forest sites (as for the year 2019)

ME TU
Dominant tree species (%) Scots Pine (99%) Scots Pine (99%)
Stand age 26 67
Canopy height (m) 11 29
Stand density (trees hh 4260 600
Average tree DBH (cm) 9.5 31.2
Stand basal area (m> ha™") 30 47
Features postfire planted on former
meadow
Soil type Brunic Arenosol Brunic Arenosol

Eddy covariance (EC) and sap flow measurements
Eddy covariance and meteorological measurements

Measurements of the CO, and H,O exchange between
forest and the atmosphere have been carried out at ME
by an EC system installed at the top of a 22-m-high flux
tower since May 2018. The EC system includes a three-
dimensional (3D) sonic anemometer (model WindMaster
Pro, Gill Instruments, Hampshire, UK) and an open-path
infrared gas analyser IRGA (model 7500DS, LI-COR Inc.,
Nebraska, USA). Continuous meteorological measurements
were simultaneously performed, including radiation balance
components, air temperature (7a), air humidity, precipitation
(P) as well as soil water content (SWC) and temperature.
Both soil temperature and volumetric water content were
measured at a depth of 10 cm in the mineral soil using Digi-
tal TDT sensors (Acclima, USA). All measurements were
averaged to 30 min. The data collected from the uppermost
layer were used as a proxy for sub-daily and daily soil water
status as well as drought stress intercomparison between
the two stands, as the sites have the same soil type to at
least 2 m depth. It does not represent the all water avail-
able for trees at deeper layers. The same measurements were
performed at TU at a 38-m-high steel scaffold flux tower
(2 mx2 m) since 2008. The EC system comprised a 3D
non-orthogonal sonic anemometer (model CSAT3, Camp-
bell Scientific Inc. (CSI), UK) and an IRGA (model LI-7500,
LI-COR Inc., Nebraska, USA). The instruments were posi-
tioned 39 m above the ground until January 2019 and then
moved to 44 m due to tree growth. A detailed description
of the TU station’s meteorological equipment can be found
in the study of (Ziembliriska et al. 2016b). At the TU site,
temperature probes (model T-107, CSI, USA) were installed
at2, 5, 10, 30 and 50 cm below the soil surface. Volumetric
water content was measured directly beside the temperature
sensors at depths of 10, 30 and 50 cm using CS-616 sensors
(CSI, USA). The measurements of SWC in two separate
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Table2 Annual means/totals of basic meteorological elements and
soil water content for TU site during the period 2012-2019. P—
annual precipitation sum, ET—annual evapotranspiration sum,
SWC—mean soil water content, T,—mean air temperature, T,
mean soil temperature

soil

Year P(mm) ET(mm) SWC(%) T,(°C)) T, (°C)
2012 783 611 10.0 7.7 11.0
2013 721 559 8.6 8.6 8.9
2014 647 499 74 9.9 10.1
2015 569 453 5.7 9.8 9.7
2016 700 536 8.9 9.2 9.5
2017 1075 545 13.3 8.9 9.3
2018 533 433 7.0 11.2 10.0
2019 563 517 6.7 11.8 11.3

profiles show that the values obtained at 10 cm depth have
the greatest diurnal variability in response to changing mete-
orological conditions and drought occurrence (Fig s2. sup-
plementary materials). Moreover, this supports the argument
that although water deficit exists in the shallow soil layer
(especial during April and June), more water is still avail-
able in the deeper soil layers. Also, because measurements
were performed only down to 130 cm depth, most probably
pine trees could still benefit from water below that thresh-
old. The magnitude of the SWC measured between 10 and
130 cm in profile 2 was 5%, and thus, the variability of the
SWC between different soil levels was not large. Since there
were technical problems with the rain gauge at both sites,
daily precipitation records were replaced by those collected
at the Mialy precipitation station (ca. 2 km from the ME site)
and Czlopa precipitation station (ca. 10 km from TU) of the
National Institute of Meteorology and Water Management
(IMGW-PIB 2021). We used EC and meteorological meas-
urements at the ME site from 2019 only, while the measure-
ments from TU were used from the data range between 2012
and 2019.

Meteorological conditions and climate classification

In reference to the widely used Koppen—Geiger climate clas-
sification, the climate at the research area was characterized
as Cfb (warm temperate, fully humid with warm summer
(Kottek et al. 2006). Monthly precipitation totals measured
at the Czlopa meteorological station, averaged for the period
2012-2019 station (Fig. s1, Supplementary materials), show
characteristic annual course—with low values especially in
spring (average ~ <40 mm), and the highest precipitation in
summer (>80 mm in July) and most of the winter months
(December, January > 60 mm). Average annual precipitation
reached almost 700 mm, with a maximum in 2017 when the
annual P sum was 1075 mm (Table 2). In 2018, the annual
P sum reached the lowest value of all investigated years.
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As for the thermal conditions, the highest average monthly
temperature was measured in July and August (> 18 °C),
while the lowest in January (monthly average < —2 °C) (Fig.
s1, Supplementary materials). In 2018 and 2019, the annual
average air temperature reached the highest values among all
eight analysed years. During the investigated period, signifi-
cant droughts occurred not only in Poland but also in other
European countries, particularly in 2015, 2018 and 2019
(Ionita et al. 2017; Boergens et al. 2020). Consequently, soil
water content in 2018 and 2019 was the lowest compared
to the previous years, except for the very dry year of 2015.

As for ME site in 2019, when measurements at both sites
were performed simultaneously, some meteorological condi-
tions, such as T, and global solar radiation (R,), were fairly
similar to those observed at TU on an annual scale, since
they are both located in the same climatic region. However,
there were noticeable differences regarding P and ET annual
totals which were lower in ME than for TU, reaching 449
and 563 mm, respectively. Average annual daily mean value
of SWC was 7.6% at ME and 6.7% at TU, while the aver-
age annual T ; at the 10 cm depth was 9.7 and 11.3 °C,
respectively.

In order to detect and compare drought conditions in the
investigated areas, the Standardised Precipitation and Evapo-
transpiration Index (SPEI) over a 3-month period was cal-
culated (Vicente-Serrano et al. 2010). Long-term data used
to calculate historical background values were retrieved
from the Global Drought Monitor database (Begueria et al.
2020). It is assumed that values of SPEI below 0 indicate
transition to drier conditions, values below — 1.5 indicate
severe drought, and those below —2 reflect extreme drought.
The index together with SWC at the uppermost soil depth is
used to characterize the drought conditions (Fig. s6. supple-
mentary materials). Daily precipitation and SWC variations
recorded in 2019 as well as SPEI values are compared for
both sites in the Results section.

EC data processing

The forest within the flux footprint of the towers can be con-
sidered homogeneous from the perspective of aerodynamic
properties. At the both sites the 80% flux footprint extends c.
500 m away from the tower (Kormann and Meixner 2001).
Although the measurement height is higher at TU, the foot-
print is the same as in the ME site because the TU forest
is also taller (aerodynamic displacement height is higher).
Due to the asymmetric type of anemometer used at TU,
the data recorded from wind directions that were disturbed
by the instrument construction were omitted, resulting in
the exclusion of 27% of data over the four years. The raw
data obtained from the EC system were used to calculate
covariances of the vertical wind speed (w) component and
the quantity of interest: Ta, water vapour (H,0) and carbon

dioxide (CO,), to finally derive turbulent sensible heat (H),
water vapour (which is ET) and CO, (F) fluxes. The rate
of change in CO, and ET (AS¢p, ASgr) in the air column
below the EC system (i.e. the storage flux) was calculated
during the first step of the data processing in EddyPro soft-
ware version 7.0.1 (LI-COR; Inc. 2019). Storage fluxes are
commonly obtained as a product of the estimation of air
density, height of EC measurement, and the rate of CO,
or water vapour concentration change at EC measurement
height (using the difference between the average concentra-
tion at the beginning and end of the corresponding 30 min
single-point EC measurement period). However, it has
been shown that this storage flux calculation yields simi-
lar results to those obtained with the profile approach used
in similarly tall vegetation (Morgenstern et al. 2004). Both
AS(q, and ASg values were accounted for in the final fluxes
calculations.

During data processing, the following corrections were
applied: the double rotation calculation, tilt correction, WPL
correction, covariance maximization and analytic correc-
tion of high-pass and low-pass filtering effects (Webb et al.
1980; Moncrieff et al. 1997, 2004; Burba et al. 2012). Final
datasets of carbon and water fluxes include quality control
and gap-filling procedures. Additionally, all fluxes recorded
during precipitation events at both sites were excluded. To
filter out fluxes measured under insufficient turbulence con-
ditions, friction velocity («*) threshold (u * th) was used, as
obtained from the breakpoint detection method (Barr et al.
2013; Wutzler et al. 2018), performed with the ReddyPro
package (Wutzler et al. 2018) in R software (R Core Team
2020). The gap filling of carbon and water fluxes as well as
NEE fluxes partitioning into GPP and ecosystem respiration
(R..,) was also performed using the ReddyPro package. The
partitioning was done following the Reichstein night-time
approach (Korner 1995; Falge et al. 2001; Gilmanov et al.
2003; Reichstein et al. 2005; Lasslop et al. 2010). Ecosys-
tem respiration was estimated according to Lloyd and Tay-
lor’s (1994) regression model, to fit the ecosystem respira-
tion (R..,) as a function of soil (7s) or air temperature (7a)
(Lloyd and Taylor 1994). In this work, the soil temperature
was used in the partitioning procedure.

The gross primary productivity GPP is estimated by:

GPP =R,, —NEE (1)

where R, is the total ecosystem respiration and NEE is the

net ecosystem exchange.

Sap flow measurements
At both ME and TU site, three test plots with an area of

1080 m? were chosen randomly within the 20-70% flux
footprint domain, mainly to the west of the tower (within
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approximately 100 m from the tower, Fig. 1), since this was
the prevailing wind direction at both sites. At each site, 25
“model trees” were selected (Fig. 1), all equipped with sap
flow sensors. Sap flow has been measured at both sites since
October 2018. The EMS 81 sap flow system used here con-
sists of sensors and SDI12 modules produced by EMS Brno
(Czech Republic). Each sap flow sensor (SF 81) consists
of stainless-steel electrodes inserted into the slots, which
assure that sap flow values are nearly independent on the
radial profile of sap flow density (Kucera 2018). The greatest
advantage of this approach is the direct heating of a rela-
tively large volume of xylem, which ensures high accuracy
of the sap flow estimation. High electrical resistance of some
trees’ tissue (not related to their age) caused poor quality
of measurements in six samples at both sites (mainly due
to internal stem damages (drying, cracks cavitations, etc.);
these were excluded. Also, the measurements for the thinnest
trees in ME had low quality and were thus excluded from
the further analysis—the instruments used here have been
designed for trees with a circumference greater than 40 cm.
One sap flow sensor per tree was installed (north side) at
DBH level (Fig. 2).

Due to difficulties of sap flow and eddy covariance obser-
vations during winter (Foken et al. 2012; Kittler et al. 2017;
Frank and Massman 2020), transpiration data were only ana-
lysed during the growing season (from March to the end of
August; in the case of ME, to the end of September, because
there was no downtime in the operation of the equipment).
The gaps in transpiration were filled with the MDS (mar-
ginal distribution sampling) method using ReddyPro.

Fig. 1 Location of the three selected test plots (1080 m2; yellow rec-
tangles) within the footprint of the EC system (calculated for unsta-
ble conditions by the approach described by (Kormann and Meixner
2001)). Diameter and number of trees were directly measured at ME
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Fig.2 Tree diameter at breast height (DBH) distributions at ME and
TU sites measured in 2019. ME—grey bars; TU—black bars. (Color
figure online)

There are several techniques for sap flow measurements,
including the tissue heat balance (THB) method (Cermak
et al. 1973; Cermék and Deml 1974; Cermik et al. 1976,
2004; Kucera 1977; Kucera et al. 1977). The “balance fam-
ily” of sap flow measurements (including mainly the THB
method) are the only methods that directly measure sap
flow rate (Flo et al. 2019). In the THB method, thermal bal-
ance is calculated for a given heated space. According to its
assumptions, the input energy is divided between conductive
heat losses and warming of the flowing water (Cermék et al.
2004). The amount of water passing through the measuring

Google

(left) and TU (right) sites. Green circles indicate a group of 5 sap
flow sensors; red dots represent the location of the EC flux towers.
Colour scale represents the areal contribution of the flux (in %) from
the footprint area. (Color figure online)
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point in the stem is calculated based on the electric power
input consumption and the increase in temperature of water
flowing through the area that is heated (Kucera and Urban
2012). Whole tree sap flow (Q,,..—kg time™!) was derived
by multiplying Q by the tree circumference, after the bark
and phloem layer was excluded (Szatniewska et al. 2022).
The phloem layer was measured during the equipment
installation.

As mentioned earlier, thermal methods for measuring sap
flow are based on heat loss detected by the sensor. Therefore,
when tree sap flow data are processed, the zero transfer value
(“baseline”) must be determined, which varies depending
on the sensor and the time of year (Oishi et al. 2016). When
performing this procedure, the possibility of nocturnal sap
flow appearance should also be taken into consideration,
since night sap flux is thought to be driven by atmospheric
evaporative demand (Forster 2014). In our work, raw sap
flow data were post-processed by applying the automated
baseline subtraction based on the Exponential Feedback
Weighting method (Kucera et al. 2020) developed for mini32
software (EMS 2020a). This method considers the nocturnal
sap flow and removes outliers due to natural temperature
gradients. It has been found that the best results were com-
puted by the 5-day weighting average (Kucera et al. 2020),
and thus, the same averaging interval was applied here.

Upscaling model tree sap flow values to the stand
level

We applied the diameter class technique for sap flow results
upscaling, which is based on the assumption that sap flow
rates depends only on the DBH (Cermék and Kucera 1987,
1990) (Fig. 3b).

For the purpose of upscaling sap flow from the tree to
stand level, a histogram of the DBH distribution was created
for the sampled areas (Fig. 1), then proportionally upscaled
to 1 ha (Fig. 2). The reliability of this procedure is supported
by the homogeneity of both forests’ structure.

An exponential function was fitted to the relationship
between sap flow rates and DBH (Cristiano et al. 2015).
Differences in physiology of 27-year-old and 67-year-old
trees raised doubts about using one common relationship
for both sites, since trees of the similar size but different age
can have different features related to water transport. Thus,
upscaling was done with parameters specified separately
for each ecosystem. Specifically, the Q.. ~DBH original
exponential relationships were fitted for a 7-day window
from 05.05.2019 to 15.05.2019, as the average daily sap
flow quickly reached high values in May, with the highest
observed in June. It is suggested that regression parameters
for such relationships should be calculated over a few days
when soil water content is roughly constant and VPD is
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Fig.3 Relationship between daily averages of sap flow rates (Q
[kg/h]) and diameter at the breast height (DBH) used for upscaling
the tree-level transpiration to stand-level transpiration (TSF)

relatively high—conditions that characterize high evapora-
tive demand.

Average daily sap flow (kg h~'tree™!) for individual
DBH classes was first calculated based on regression
parameters obtained from the exponential relationship
for sample trees between these two factors (Fig. 3). Then,
the values of the daily average tree sap flow [kg/h] for
individual DBH classes were multiplied by the number of
trees in a given class and total average daily sap flow of
all DBH classes were aggregated for the unit stand area
(1 ha). Total daily sap flow per ha was finally divided by
the sum of the average daily sap flow of the sample trees in
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the same period—this ensured that despite different maxi-
mum sap flow rates during different periods, the obtained
sap flow rescaling factor from the sample trees to the stand
transpiration (SC) was very similar regardless the calcula-
tion period.

The final stand transpiration expressed in kg m~2 (or
mm m~2) was obtained with the following calculation:

Z?:l (Qtree)IXFs

3
1 3

TSF =
where A (m?) is stand area, Qyree 18 sap flow rate (kg/h),
and Fss is the scaling factor. If the investigated stand is not
homogeneous, different species must be analysed separately,
similar to the situation when different canopy layers occur.

ET Partitioning

The method used for EC-derived ET partitioning was
based on the assumption that ET is linearly related to
GPP x VPD®’ only when T is the dominant term in ET. To
estimate the 7/ET value for each 30 min period, the product
of GPP x VPD" was plotted against ET (for 2019 at the ME
site; for 2012-2019 at the TU site; Fig. s3—supplementary
materials), and the minimum value of ET was then selected
as the 5th percentile for each equal-sized GPP x VPD? bin
(after Berkelhammer et al. 2016). Fifty bins of equal num-
bers of points were implemented for both sites. The num-
ber of points in each bin differed between sites due to the
larger dataset in TU. The linear regression determined for
these bins gives the ET value for which T=ET. Similarly,
for the points below the regression line, it was also assumed
that T=ET (Résénen et al. 2022). ET partitioning was done
for EC datasets after excluding night-time data, as well as
observations during precipitation events and when relative
humidity was greater than 80%.

To determine the water loss per carbon gain for the forest
stand, we calculated the daily water use efficiency (WUE)
as GPP/Tg (unit: g C/(kg H,O m? per day). This way a
better understanding of water use efficiency of Scoots pine
trees, which are the main scope here, can be achieved than
with the use of ET flux that includes also other components
like evaporation from the soil and interception which were
not directly measured. Since both forests are composed in
99% of one tree species for which transpiration was upscaled
from sap flow measurements, thus it was assumed that 7'
should represent stand-level tree transpiration fairly well.
We also assumed here that GPP represents only dominant
pine trees since the contribution of other minor tree spe-
cies—mainly birches, understory and soil vegetation, is
negligible. Additionally, we calculated the canopy stomatal
conductance from the upscaled foliage transpiration T (in
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kg/m? s) by diving each estimate by corresponding VPD
value converted to units kg/m?.

Results

Annual relationships between the components
of the water balance at Tuczno 2012-2019

The data collected during 2012-2019 period at the Tuczno
site were used to investigate what are the interannual differ-
ences between the annual totals and proportions of water
balance components (Table 3). These components and their
interrelation were then calculated for the 2019 growing
season when data from both measurement methods were
available for both sites at a higher time resolution. Annual
Ty total was the highest in 2012 (421 mm) and 2013 (407),
when annual P sum > 700 m. In the wettest year of 2017,
Ty constituted only 33% of the annual P sum, while in the
driest 2018 and 2019, it was noticeably higher (61% and
60%, respectively). Even though the lowest annual cumula-
tive ET was recorded in 2018, the calculated Ty was the
lowest in 2015. Still, the ratio of T-/ET was the lowest for
dry 2019 year which was only 0.65.

Drought conditions in 2019 indicated by SPEI, daily
sums of precipitation and mean daily SWC

We compared T derived with the two different methods
throughout the growing season of 2019, when a full set of
measurements (sap flow and EC) were available at both
study sites. The growing season Ty total at ME was
304 mm, and its share in precipitation was 60%, similar
to the value calculated at TU. In order to compare water
conditions at the two investigated sites during the grow-
ing season of 2019, daily precipitation and soil moisture
patterns are presented in Fig. 4. Slight differences related
to precipitation distribution reflect the local conditions

Table 3 Annual EC-derived: transpiration total (Tgc) and the ratios
of evapotranspiration to precipitation (ET/P), Tg/P and Tg/ET at
the TU site during 2012-2019

Year ET/P (mm) Tgc (mm) Tgc/P Tg/ET
2012 0.78 421 0.54 0.69
2013 0.77 407 0.56 0.73
2014 0.77 353 0.55 0.71
2015 0.80 297 0.52 0.66
2016 0.77 363 0.51 0.68
2017 0.51 359 0.33 0.66
2018 0.81 327 0.61 0.76
2019 0.92 338 0.60 0.65
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Fig.4 Daily precipitation totals
(P) and mean daily soil water
content (SWC—depth of 10 cm)
at ME a and TU b during the
growing season of 2019, on the
background of monthly values
of the SPEI index. SPEI below
-2 (marked with a black hori-

P(mm); SWC (%)

SPEI (-)

zontal line) indicates extreme
drought conditions. (Color
figure online)

P(mm); SWC (%)

characterizing the TU site, where more frequent thunder-
storms during the summer season occurred—these result
in strong, local, convective precipitation in summer. In
terms of meteorological drought, two periods (April and
June) were identified at both sites, due to the prolonged
rainless/dry periods and the increase in or persistently
high temperatures. These findings were confirmed by
the results derived from drought monitoring and analy-
sis based on SPEI index (Fig. 4). For the grids covering
the area of the two investigated sites, April, June and
August 2019 were identified as severe (SPEI<—1.5
and > —2) or extremely dry (SPEI < = —2) depending on
the site (Fig. 4). Precipitation total in March was higher
than in April, when drought has occurred. We assumed
that trees benefited from this water supply which helped
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Fig.5 Cumulative components of water balance (WBC) during the
growing season of 2019 at ME a and TU b. Transpiration from sap
flow (TSF), transpiration from ET partitioning (TEC), evapotranspira-
tion (ET), evaporation from partitioning (EEC =ET-TEC) and precip-

May Jun Jul Aug Sep

maintaining their functioning (including transpiration) in
the spring.

Variability of water fluxes at young (ME) and mature
(TU) scots pine forest

To test the hypothesis that 7" estimated from the upscaled
sap flow measurements (7gp) is better suited to detect
drought-induced effects than EC-derived 7, the results of
both methods were compared under different precipitation
conditions, including extreme drought. During the grow-
ing season of 2019, the cumulative sum of Ty was higher
at TU (137 mm) than at ME (189 mm, Fig. 5), and total
growing season Ty amounted to 222 mm and 283 mm
for ME and TU, respectively. Apart from the differences
between transpiration fluxes derived with the two methods,
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itation sum (P). TSF/ET, TEC/ET and TSF/TEC ratios represent total
values for the growing season. Changes of daily mean SWC values
are presented on the right y axis
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ET sums from EC measurements also differed substan-
tially between sites (287 mm at ME and 389 mm at TU).
The calculations of the share of the T sum from March
to August (assumed growing season period) in the respec-
tive ET totals resulted in 0.77 for ME and 0.73 for TU.
However, the T4/ET ratio was much lower and accounted
for only 49% of ET flux at both the young and mature
Scots pine stands (Fig. 4). Overall, the Tgp/Ty was similar
between sites: 0.60 and 0.65 for ME and TU, respectively.
Moreover, despite the fact that precipitation totals for this
period were almost equal for both sites, the total Tgg/P
relationship was different; it reached 0.74 for ME and 0.95
for TU. Interestingly, the T sum in both cases exceeded
the precipitation sum during the growing season in 2019:
at ME, the Ty/P reached 1.20, while at TU it was ca. 1.43.
For both sites during this period, cumulative ET strongly
exceeded the value of total precipitation (Fig. 5).

In order to further explore the relationships for the
entire growing season, monthly totals of transpiration (T
and Tgp) for both sites are shown together with precipita-
tion during the growing season of 2019 (Fig. 6). Despite
the differences in total sums of Ty and Ty for the grow-
ing season, there are similar patterns regarding high and
low monthly sums at ME and TU, for both T fluxes. In
particular, the estimated T was higher than the T in all
months except April at TU. In May, the highest precipita-
tion total was recorded at both sites: 58 mm at ME and
69 mm at TU. The lowest precipitation sums—ca. 10 mm
or less—at both sites were recorded in April and June. In
July, T reached one of the lowest values at ME and TU.

Also, at ME site, the sap flow sum reached its lowest value
in August, in contrast to the TU site. Highest monthly T
was observed in June and May for ME and TU, respec-
tively. Tgc was the highest for both sites in June.

It was also shown that in specific months, precipitation
sums exceeded both T and T similarly at both sites.
Tgc exceeded precipitation in almost all months, excluding
March and May when P sums were higher than transpira-
tion. Tyr was higher than monthly P only in April and June,
when drought was detected at both sites by SPEI index. At
ME, the share of T in ET was the highest in May, when it
reached 0.70, with very similar values in the preceding and
following month. At this site, 7g/ET was the lowest in the
summer months of July and August (below 0.20; Fig. 6¢). At
the mature pine stand (TU), the highest 74/ET was detected
in April (0.72) and May (0.66); the lowest (ca 0.12) was
observed in March (Fig. 6¢, d). The highest Tg/Tg ratio
was calculated in April and May at TU (Fig. 6d), while at
ME the highest was in May (Fig. 6¢)—it reached 0.99, which
means that Ty and T sums were nearly identical in this
month. The lowest values of monthly Tgp/Tg at ME were
found in July and August, while at TU it occurred in July
when Tqp/Ty was less than 0.25.

Comparison of daily transpiration fluxes estimated
by sap flow (TSF) and eddy covariance (TEC)
methods

Since soil water content measurements were used to indicate
drought occurrence on a daily time scale, transpiration fluxes

Fig.6 Monthly sums of EC- a) 100 b) 100
derived evapotranspiration
(ET), transpiration from sap — 80 80
flow (TSF), transpiration from g .
ET partitioning (TEC) and = 60 E 60
L & S
precipitation (P), as well as the = a0 5 40 P
ratios of TEC/P, TSF/P, TSF/ET ] ;
and TSF/TEC for the growing = 5 IHH 20 Ig /
season of 2019 at ME a and c, I m H 7] #
and TU b and d, respectivel 0 H” ! 0 A7 2z 4| i
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c
) 12 1.2 d) 12 1.2
N 10 1 10 1 o
5 8 0.8 8 08 &
. 6 0.6 ol
o ® 0.6 6 -
w
'_3 4 0.4 4 - 0.4 =
'—
2 0.2 2 //\ \/. 0.2
0 0 0 . 0
Mar Apr May Jun Jul Aug Mar Apr May Jun Jul Aug
—e—TEC/P TSF/P TSF/ET —e— TSF/TEC —e—TECP TSF/P TSF/ET —e— TSF/TEC

@ Springer



European Journal of Forest Research

were related to changing SWC conditions. The estimates of
daily sums of Tg- were compared to T for the 2019 grow-
ing season for each site separately. When summer data with
SWC <3.5% were excluded, which was the case especially
in June and August for ME and July for TU, an additional
correlation between the two fluxes was derived, to exclude
the influence of days with drought related to deficits of water
in the soil. This was represented by an increase in R? to
0.73 and 0.80 at ME and TU, respectively (Fig. 7a, b). Data
with precipitation events have been excluded in this analysis.
The regression line slopes of the relationships between daily
values of these two transpiration fluxes over the growing
season have been different for each site and approach (all
data together vs low SWC days excluded) and ranged from
0.70 to 0.79 (Fig. 7a, b). Tg values in July (when the T/
ET was also low) indicate a reduction in tree transpiration
during this time. T was not consistent with the Tgp values
after prolonged drought (Fig. 7a, b), which was observed
mainly by the relationship between Tgg~ T in June at TU,
and in August for ME, when SWC reached the lowest val-
ues. It should be noted that transpiration after upscaling to
the stand level from the sap flow measurements only corre-
sponds to the transpiration from pine trees. The remaining
flux from other plants in TU—young beech and hornbeam
trees—was also in the range of the EC system and thus only
visible in T measurements, even though in principle both
stands consist of 99% Scots pine trees (Table 1). In ME, both
Tgr and T were high under high SWC in May and June,
and there was a good agreement between those T estimates.
In TU, higher daily Tg values were also observed in May,
while the lowest was in April and March, similar to ME.
However, lower SWC values—especially in August—were

Fig.7 The relationship between daily sums of transpiration derived
from ET partitioning (Tgo) and transpiration from upscaled sap flow
measurements (Tggp) at ME a and TU b during March—August 2019.
Solid red lines represent linear regressions for all available water
fluxes. Black solid lines represent simple linear regressions with the

accompanied with higher Tgg and Tge at TU than ME. The
daily Tgc and T courses during the growing season of 2019
are presented in the supplementary materials (Fig. s4, sup-
plementary materials).

The comparison of the responses of daily T and T
fluxes to the daily mean SWC variations showed that both
calculated T fluxes have similar dynamics at the same site
(Fig. 8). The 9th decile of T sums daily averages was chosen
as the threshold, above which values of Ty and Ty were
considered high. The figures show that under similar SWC
conditions, most of the values higher than the 9th decile
for both T fluxes occurred similarly at each site. Ty and
Ty reached the highest values, and Tp/Tc was closer to 1
for a SWC of 5-9% (ME) and 4-6% (TU) (Fig. 8c). Water
use efficiency increases steeply below SWC values of 4%,
since carbon uptake (GPP) was maintained at relatively high
level (Fig. s5, supplementary materials), while the differ-
ences between Tgr and Ty were distinct, especially at the
ME site. The enhanced water use efficiency at low SWC
(Fig. 8d) reflects the strategy of trees to minimize 7 while
keeping GPP rate at a high level. When SWC was above
9%, lower transpiration and GPP values were observed. This
is usually associated with evaporative demand reduction at
the end or early beginning of the growing season together
with lower VPD and lower radiation conditions. With low
VPD values both GPP and Ty decreased (Fig. 8e, f). At
high values, a reduction in transpiration was observed, which
was not as pronounced for GPP at ME site. At the TU site,
corresponding reduction of both fluxes was observed at
high VPD. Additionally, results from the ME site show the
gradual increase in the conductance as a function of SWC
(<5.5%)—Fig s6. Supplementary materials.

SWC (%)

£V~

Tec (mm)

exclusion of data when SWC was <3.5% in June and July for TU site
and June—August for ME site. The colour of each point indicates cor-
responding mean daily SWC; numbers indicate individual months;
dashed lines indicate the 1:1 regression line. (Color figure online)
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Discussion

Differences between water fluxes estimated
for both sites

The investigated sites are located in a region that is
exposed to water shortages and has experienced several
rainfall anomalies in recent years (IMGiW 2020). For the
studied 2019 growing season, total 7y was higher at the
mature stand (TU) than at the 26-year-old site (ME), which
can mainly be explained by differences in the characteris-
tics of the stand—Ilarger trees and basal area at the TU site.
Also, total T at ME was lower than at TU, mainly due to
the less understory at the ME site, as well as lower precipi-
tation totals. Tree height, basal area and number of trees
were the most distinguished differences between sites. The
basal area was 1.5 times greater in Tuczno, where the sum
of Tgr in the growing season was also greater by a factor
of 1.4. As shown by Zimmermann et al. (2000), density
and sapwood area in western Siberian pine were strongly
correlated, which results from the exponential decrease
in stem number with age (self-thinning) and the linear
increase in sapwood area per tree (Zimmermann et al.
2000). Thus, transpiration was higher for stands with the
higher sapwood area compared to the average transpiration
of all other stands, by as much as a factor of 2. Growing
season Ty total at ME constituted 74% of precipitation,
while at TU it was as much as 95%. In our study, the grow-
ing season T constituted 48% of its annual value both at
the ME and TU site. Despite the differences in absolute
sums of ET and T between sites, the tree transpiration
has contributed similarly to ET at both sites. For Ty, its
share in ET was much higher than corresponding Tg/ET
and equal too: 77% and 73% at ME and TU, respectively.
Since the decrease of T (derived from the EC-derived ET
fluxes partitioning method) during drought conditions was
not as pronounced as for the stand-level Ty, it seems that
the EC method is not as sensitive to extreme conditions as
the upscaled sap flow measurements at individual trees.
Annually, Tp/ET at the TU site varied throughout the
study period (2012-2019), reaching the highest values in
2018—the year with the lowest annual precipitation sum.
This is likely to be driven by high evaporative demand
during days with sufficient water availability. The vari-
ability in transpiration rates origins from uncertain supply
from soil layers deeper than 50 cm as well as transpiration
from ground vegetation and tree species not considered
in the investigation. Similarly, in a study that partitioned
evapotranspiration derived from the EC method into tran-
spiration and evaporation (Li et al. 2019), it was found
that the T/ET and mean annual precipitation relationship
was also weak and non-significant on an annual timescale

(R*>=0.09, p value=0.11). Another study based on data
from sites that are part of the Fluxnet network, which only
consider evergreen coniferous forests, showed that 7/ET
varies throughout the year, with a minimum in the win-
ter and a maximum (reaching almost 0.8) in the summer
(Nelson et al. 2020). In our study, it was found that the
highest Tg/ET occurred in spring: in May at both sites
and additionally in April 2019 in the mature forest only.
Estimated E at our sites (as a simple difference between
measured ET and i) was close to semi-arid conditions
(Fig. 5) and has contributed to ET by 23% and 27% at ME
and TU, respectively. It has been shown that soil E can
reach up to 26% of ET under semi-arid conditions with a
very water saving vegetation (Qubaja et al. 2020), while
in alpine forest with ample water supply it was up to 40%
(Wieser et al. 2018). Thus, despite the uncertainties related
to the remaining water balance elements, not attributed to
pine transpiration, our results indicate a close relation to
the investigations under semi-arid conditions. The assess-
ment of the share of transpiration in total ET is important
for improving models of stomata behaviour, as well as
understanding the mechanisms that control the amount of
T in various environmental conditions, especially in eco-
systems exposed to water deficits. We also found that even
when the Tg/P annually fluctuated between 0.50 and 0.60
over the years, T/P calculated for the growing season
only increased significantly in relation to its annual value.
In the same year, considering the total for the growing
season (March to August), values of T/P exceeded 1,
reaching 1.20 and 1.43 at ME and TU, respectively. For
this period, the ET sum at both sites exceeded the value of
precipitation reaching 287 mm at ME and 389 mm at TU,
which was not the case for the annual ET and P totals cal-
culated for 2012-2019 at TU. ET/P ranges annually from
ca. 0.76 to 0.92 depending on the precipitation conditions,
with the exception of 2017 (which was very wet), when
it was only 0.51 (Table 2). The differences in the ET/P
ratio for the growing season and the whole year indicate
that the use and replenishment of water in the sandy soil
is affected by the intra-annual precipitation pattern. ET
exceeds P over the growing season whereas precipitation
predominates over ET in autumn and winter. Although
the summer-time ET is thus already high, it is predicted
to increase further due to the increasing temperature and
associated hydrological changes resulted from altering cli-
mate conditions (Okoniewska and Szuminska 2020). The
high ET/P values for growing season indicate the depend-
ence of transpiration on soil water storage. In the presented
study, it was particularly noticeable in June 2019, when
the SPEI index indicated extreme drought along with high
transpiration, which contributed to reduced SWC over the
same period. Transpiration which occurred in June under
low SWC values indicates an increasing use of stem water
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storage. Subsequently, the low Ty values in July were
measured by the sap flow method at both sites indepen-
dently, indicating a similar ecosystem reaction to changing
environmental conditions—mainly low values of precipita-
tion and SWC in the preceding month. Previous research
has shown that for Scots Pine, relative stored water use
ranged from less than 1% up to 44% of the daily transpi-
ration (Verbeeck et al. 2007). After exceeding a certain
site- and species-specific soil moisture threshold, plants
attempt to optimize the carbon uptake against transpira-
tion by stomatal regulation (Cowan 1978; Hari et al. 1986;
Katul et al. 2000; Farquhar et al. 2002; Tang et al. 2006;
Beer et al. 2009). If the water consumption of the plant
exceeds soil water recharge, this can cause restrictions
on plant water uptake, reduction of stomatal conductance
(g,), and lead to feedback on leaf-related processes and
evaporative losses (Beer et al. 2009).

Our results also revealed that on a daily timescale, tran-
spiration was the highest with non-extreme/moderate SWC
values, for both Tz and Tg-. Moderate values of daily
average soil water content (6—8%) were found to be opti-
mal for promoting higher Ty and T at ME. The highest
differences between the two methods (7gg and Ti) occur
under SWC values lower than 3.5 and 4% for ME and TU,
respectively (Fig. 7). Similarly, after exceeding the above-
mentioned moderate values, differences between Tg and
Ty increased as the soil water content increased. Low soil
moisture reduces T due to stomata closure and decrease in
hydraulic conductivity (Duursma et al. 2008). High soil
moisture is often associated with conditions of decreasing
vapour pressure deficit and radiation during days with pre-
cipitation, which reduce evaporative demand, also causing
reduction of 7. Similar non-extreme values of soil mois-
ture (~ 10%) have been found to be optimal for higher daily
sap flow sums, for example, in high-elevation five-needle
pines Nevertheless, it was suggested that the differences in
species’ characteristics (like leaf area index, tree age and
density, root characteristics) are possible factors underlying
the different response of T to soil water content changes
(Ji et al. 2016; Jiao et al. 2019). Moreover, there are some
studies showing that finding a clear relationship between T’
and SWC is difficult for many forests (Kumagai et al. 2014;
Ghimire et al. 2014; Jiao et al. 2019). One of the main rea-
sons for this is the distribution of roots which are sensitive to
heterogeneously distributed soil water both in time and space
(Kume et al. 2007; Brito et al. 2015). Furthermore, it is dif-
ficult to separate the relative influence of soil water from
other cross-correlating environmental factors (e.g. VPD).

The dependencies between available water for plants and
high vapour pressure deficit (Grossiord et al. 2020) should
cause a decline in Ti, obtained at the ecosystem scale. It is
thus sensitive to drought, similar to T obtained by meas-
urements performed at the tree scale. Some relationships
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regarding sap flow measurements, especially the decrease
in tree transpiration (Tgp) at very low SWC values, were not
as pronounced in results obtained for water fluxes derived
from EC observations (Figs. 6, 7). Our findings concern-
ing lower T under drought stress conditions are consistent
with the recognized role of stomata in protecting hydraulic
function of the xylem by regulating transpiration rates in
order to keep the water potential in this tissue below critical
thresholds (Oren et al. 1999). If plants respond by reducing
transpiration, ET is also reduced, and thus, soil moisture is
conserved (Massmann et al. 2019). This is especially impor-
tant during prolonged periods with no precipitation (as in
April and June in this study). In principle, under such con-
dition’s evaporation should be low, and the main part of ET
should be transpiration which is likely to be reduced to pre-
vent tree from excessive water loss. We also can assume that
roots have access to deeper soil layers where water content
was higher and which was not covered by measurements.
Daily T was generally higher than Tgg, especially when
the SWC values were lower than 3.5% (Figs. 6, 7¢). It should
be emphasized that the soils had very similar properties at
both sites (same soil type). The different dynamics of SWC
may arise from a different interception caused by the specific
structure and stand density at the sites, as well as the differ-
ent thickness of the organic layer between sites.
Transpiration of understory trees and ground vegeta-
tion—which, for technical reasons, is neglected in the meth-
odology of upscaled sap flow measurements, is one of the
most possible explanations for the observed discrepancies
between T and Tic. This applies especially to the case of
the older, more structurally complex pine stand at TU, where
beech and hornbeam saplings as well as some shrubs are
present. Understory contributes to overall transpiration and
can thus decrease the evaporative share of the dominant spe-
cies’ transpiration. Research on the influence of understory
removal on water, soil micro-climate, growth and physiology
of dominant Scots pine trees showed that stomata closure
occurred during dry periods in the control plot with retained
understory, whereas the trees without understory were able
to maintain a certain stomatal aperture—roughly 50% more
open than the control trees (Giuggiola et al. 2018). However,
Tgc was the closest to T as long as there were appropriate
conditions for high tree transpiration, i.e. stable water supply
in soil (Fig. 7). Nevertheless, understory may not experience
the same stress and can also have more anisohydric strate-
gies than pines (e.g. birches). This may allow for relatively
high understorey transpiration under dry conditions. Finally,
the low T contribution to measured ET may be influ-
enced by non-stomatal loss of water, which becomes more
important when stomata are closed but which may have a
moderate significance in general. Thus, we conclude that
drought stress of plants should not be derived solely with an
integrated method such as EC. Our results also support the
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notion that non-stomatal water losses are important during
extreme dry conditions.

Sources of uncertainties

After analysing the components of forest water balance with
a focus on transpiration, some factors that influenced the
obtained results were identified. We assumed that under
stress conditions, direct upscaled sap flow measurements are
technically and methodologically more sensitive to drought
than the EC method. It has been shown that measuring sap
flow in trees (sap fluxes) provides better estimates of water
use at the stand level than those derived by other methods
(Renninger and Schifer 2012).

We chose to partition ET based on water use efficiency
since flux partitioning does not require additional instru-
mentation aside from the commonly used eddy covariance,
which has become the standard in many sites worldwide.
Transpiration regulated by the stomata quickly responds to
changes in VPD; therefore, T was estimated at a resolution
of every 30 min (Zhou et al. 2014, 2015). However, there
are multiple sources of uncertainty in the estimation of the
ET—GPP relationship itself (Sulman et al. 2016; Anderson
et al. 2017). ET/VPD is a proxy for canopy conductance if
the canopy is well coupled to the atmosphere, and if bound-
ary layer resistance is low and leaf temperature is similar
to air temperature (Beer et al. 2009). Another important
aspect is the possibility of reliable estimation of the share
of T'in ET using the method based on water use efficiency
(ET ~ GPP % VPD") in conditions of drought, as done
here, since the accuracy of the linear relation during drought
is unclear. The assumption whether 7/ET approaches 1 dur-
ing favourable conditions for transpiration has been reason-
able assumption in ecosystem with higher LAI while rare
in dry ecosystems (Stoy et al. 2019). Interestingly, previous
research has shown that WUE values did not vary much
under severe soil drought during summer in a boreal Scots
pine forest in Finland (Gao et al. 2017). This would indi-
cate that the transpiration of the boreal Scots pine forest
was not disturbed by the drought event at the analysed site,
although the stomatal conductance of plants decreased. T
based on ecosystem-scale ET measurements from the high
tower includes information on not only main tree species
(Scots pine) but also the understory, if present. As men-
tioned above, the thorough inventory of the studied Scots
pine forest resulted in the conclusion that there is no signifi-
cant understory in the younger forest (ME), while a much
richer composition of small trees and shrubs are present in
the older ecosystem (TU). However, we do not have quanti-
tative information on the composition and biomass of other
hardwood trees and shrubs at the TU site.

Potential sources of error for eddy covariance measure-
ments may also result from the fact that the open-path gas
analyser (OP) was used. Often, the OP system accuracy is
compared to enclosed-path (CP) gas analysers. The different
design of both instruments and data processing is a poten-
tial source of bias for ongoing global flux synthesis activi-
ties (Haslwanter et al. 2009). For water flux measurements,
open-path systems minimize spectral attenuation and there-
fore also require smaller correction factors than sensors with
an inlet tube (Polonik et al. 2019). Gas analysers with heated
tubes have been found to be less effective (losses of H,0)
under conditions of relative humidity over 60%. On the other
hand, in a study by Haslwanter et al. (2009), the CP system
had a tendency to underestimate H,O fluxes in comparison
to the OP system during high air temperature conditions,
high wind speed, large global radiation, sun angles and low
relative humidity (Haslwanter et al. 2009). However, open-
path analysers do not work sufficiently under sub-optimal
conditions such as during rain, fog and exposure to aerosols
and dirt and therefore must be cleaned frequently to avoid
signal weakening (Polonik et al. 2019). There is an increas-
ing amount of evidence suggesting that observations of trace
gases fluxes from open-path analysers can be influenced
by errors related to the heating of open-path instruments
(Novick et al. 2013).

Overall, the greatest analytical difficulty was mainly
related to upscaling the results obtained from the sap flow
sensors to estimate stand transpiration within the area cov-
ered by the EC footprint. Upscaling the point measurements
to the stand or catchment level remains challenging and
causes some uncertainties (Rabbel et al. 2018). The obtained
results were also affected by differences between the stands
and the limits of the upscaling method. Utilized exponential
relationship between DBH and Q has described the rela-
tionship between the average sap flow and DBH within the
range of measured samples relatively well, as it was pre-
sented in the literature (Cristiano et al. 2015). However, the
occurrence of trees with DBH out of the measured range
would increase the uncertainty and result in greater bias,
especially for younger ecosystem, where trees with DBH out
of range may constitute a great share of all trees. It has been
suggested that the discrepancies in upscaled ET flux from
the sap flux could also result from the systematic under-
estimation of sap flux by the actual sensors (Wilson et al.
2001; thermal dissipation probes, operated at the constant
power principle (Granier 1987)). Therefore, more research
is needed to explore the possibility of accurately upscaling
tree- or leaf-level T estimates before confidently including
the influence of species composition at the stand- or catch-
ment-scale T (Ford et al. 2007). It is particularly demanding
to accurately recognize the number of trees “seen” by the EC
system (accurate footprint) that represent the characteristics
of the overall research area. In this study, we measured the
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number of trees and their DBH only on a few sample plots;
therefore, our measurements might not reliably represent the
actual stand tree distribution.

Additionally, the wounding effect is a known issue that
can cause sap flux measurements to become unreliable.
According to Maranon-Jimenez et al. (2018), the wounding
effect showed a progressive development up to 22 weeks
after sensor installation in living stems(Marafién-Jiménez
et al. 2018). The same research also revealed that faster and
more efficient wound compartmentalization occurs in early
growing season installation, when physiological mecha-
nisms involved in defence and prevention of pathogen infec-
tions are very active. Higher temperatures can also enhance
this effect. In our experiment, we installed sensors in late
autumn 2018, to generate the most reliable measurements for
the upcoming growing season. According to the literature,
the wounding effect develops with time. As such, it is rec-
ommended to change the sensors position in the stem after
every growing season. Point measurements like the heat dis-
sipation method (HD) are more prone to the wounding effect
than tissue heat balance (THB).

Other water balance components such as undergrowth tran-
spiration, canopy interception and runoff were not directly
measured, and hence, their importance is difficult to estimate.
It is frequently assumed that interception is already accounted
for in ET flux (Soubie et al. 2016; Gu et al. 2018). Since the
Tgc was determined here based on the ET fluxes after exclud-
ing the precipitation events, it was assumed that the Ti- does
not contain interception. Nevertheless, this issue is a poten-
tial source of uncertainty, since the lens of the EC open-path
gas analyser can dry faster after rain compared to the canopy.
Using data that have been observed after short periods of rain,
when the canopy was still wet, can thus lead to biased inter-
pretation if it is assumed that the canopy is already dry. Thus,
methodology of calculating interception using ET measure-
ments from EC, combined with simplified assumptions, can
produce potential failure to close the water balance. Evap-
oration (F) flux was higher at TU than at ME, presumably
because of the higher total precipitation and number of low
intensity rain events (Paschalis et al. 2018). It has been shown
that such conditions typically result in an increase in rainfall
interception loss. Also, E from exposed soil increase after pre-
cipitation. Furthermore, wet canopy surface simultaneously
enhances evaporation and hampers transpiration due to block-
age of the leaf stomates (Gash 1979; Paschalis et al. 2018).

Conclusions
Our study of transpiration fluxes in two Scots pine stands of

different age classes (young and mature) located in north-
western Poland was focused mainly on comparing EC and
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sap flow measurements under drought conditions, and find-
ing key drivers of these processes. Our results yielded the
following conclusions:

(1) For the growing season of 2019, total Ty exceeded pre-
cipitation sums for both sites, while T did not. Calcu-
lated as total for year T did not exceeded precipitation
(for TU site). This means that ecosystem is using winter
precipitation stored in soil and stems to survive during
prolonged droughts in summer and most likely plants
have access to water retained in deep soil layers (up to
2 m or deeper), which was not directly measured.

(2) Tgp and T had similar seasonal variability, daily and
monthly courses and dynamics in response to environ-
mental conditions for both sites. This confirms that
both observations reflect the same flux, although the
scale and scope of measurement have been different
(ecosystem vs. tree level). T includes information on
transpiration of other species and understory as well.
Thus, we can conclude that for managed forests, where
one species is clearly dominant, upscaled sap flow
measurements can be sufficient to properly diagnose
the forest life status (in case that all tree size classes
are well represented). In contrary, upscaling of sap flow
measurements for forests with a significant amount of
other hardwood species and ground vegetation, that are
not considered in sap flow measurements, is challeng-
ing and consequently the sap flow measurement solely
is not suitable for forest drought stress recognition.

(3) It was found that with adequate water availability
(5-8% for MU and ca. 4-6% for TU), Tgp and Tgc
were high, and both methods give similar total values
for the entire growing season. For lower SWCs, GPP
was still relatively high, and discrepancies between Tgp
and T increased for both young and mature forest.
Transpiration which occurred in June under low SWC
values indicates an increasing use of stem water stor-
age. High WUE with low SWC values within days of
drought indicates that both ecosystems have reduced
their water loss per carbon gain. Also, under low SWC
values in the summer (ca. 3.5%), T strongly decreased
at both sites. Thus, it was evident that functioning of
Scots pines at the investigated sites has reflected the
strategy of trees to increase their water use efficiency
under dry conditions to a surprisingly high level.

(4) The sensitivity of T to dry conditions was similar at
both sites/stands, but larger reductions were observed
in Tgg relative to T and in ET in July and August,
when SWC was extremely low. This also shows that for
assessing drought-induced effects on trees at the stand
scale, transpiration from upscaled sap flow measure-
ments seems more useful than EC-derived transpira-
tion.



European Journal of Forest Research

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10342-023-01549-w.

Acknowledgements Research at both sites was supported by funding
from States Forest National Forest Holding in Poland (project LAS,
No OR-2717/27/11 and LAS IV 31/2021/B). The authors would like
to thank Jacquelin DeFaveri from Language Centre at University of
Helsinki for their help with revising the language. The work was done
in collaboration with the University of Helsinki in the framework of
the project 342930 “The Hidden Role of Gases in Trees” by Academy
of Finland as well as SMARTLAND (grant number 318645) “Envi-
ronmental sensing of ecosystem services for developing climate smart
landscape to improve food security in East Africa”.

Author Contributions DP has written the original draft and was
responsible for manuscript conceptualization, DP and RM have been
responsible for methodology used in the manuscript, DP and UM were
responsible for data curation, ZK, RM, UM, and VT commented and
edited the manuscript, DP has prepared all figures (work visualization),
UM, VT, ZK, and RM have supervised writing the manuscript, and OJ
has been responsible for project administration and funding acquisition.
All authors were involved in the manuscript preparation and revision.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aiken RM, Klocke NL (2012) Inferring transpiration control from sap
flow heat gauges and the penman-monteith equation. Transac
ASABE 55(2):543-549. https://doi.org/10.13031/2013.41389

Anderson RG, Zhang X, Skaggs TH (2017) Measurement and par-
titioning of evapotranspiration for application to vadose zone
studies. Vadose Zo J 16:1-9. https://doi.org/10.2136/vzj2017.
08.0155

Barr AG, Richardson AD, Hollinger DY et al (2013) Use of change-
point detection for friction-velocity threshold evaluation in eddy-
covariance studies. Agric For Meteorol 171-172:31-45. https://
doi.org/10.1016/j.agrformet.2012.11.023

Beer C, Ciais P, Reichstein M et al (2009) Temporal and among-site
variability of inherent water use efficiency at the ecosystem level.
Global Biogeochem Cycles 23:1-13. https://doi.org/10.1029/
2008GB003233

Begueria S, Latorre B, Reig F, Vicente-Serrano SM (2020) SPEI
Global Drought Monitor. https://spei.csic.es/map/maps.html#
months=1%23month=10%23year=2020. Accessed 6 Jan 2020

Berkelhammer M, Noone DC, Wong TE et al (2016) Convergent
approaches to determine an ecosystem’s transpiration fraction.

Global Biogeochem Cycles 30:933-951. https://doi.org/10.1002/
2016GB005392

Boergens E, Giintner A, Dobslaw H, Dahle C (2020) Quantifying
the central European droughts in 2018 and 2019 With GRACE
follow-on. Geophys Res Lett. https://doi.org/10.1029/2020G
L087285

Boese S, Jung M, Carvalhais N, Reichstein M (2017) The impor-
tance of radiation for semiempirical water-use efficiency mod-
els. Biogeosciences 14:3015-3026. https://doi.org/10.5194/
bg-14-3015-2017

Bréda N, Huc R, Granier A, Dreyer E (2006) Temperate forest trees
and stands under severe drought: a review of ecophysiological
responses, adaptation processes and long-term consequences.
Ann For Sci 63:625-644. https://doi.org/10.1051/forest:2006042

Brito P, Lorenzo JR, Gonzalez-Rodriguez AM et al (2015) Canopy
transpiration of a semi arid pinus canariensis forest at a tree-
line ecotone in two hydrologically contrasting years. Agric For
Meteorol 201:120-127. https://doi.org/10.1016/j.agrformet.2014.
11.008

Broughton KIJ, Payton P, Tan DKY et al (2021) Effect of vapour pres-
sure deficit on gas exchange of field-grown cotton. J Cott Res.
https://doi.org/10.1186/s42397-021-00105-4

Burba G, Schmidt A, Scott RL et al (2012) Calculating CO2 and H20
eddy covariance fluxes from an enclosed gas analyzer using an
instantaneous mixing ratio. Glob Chang Biol 18:385-399

Cermak J, Deml M, Penka M (1973) A new method of sap flow rate
determination in trees. Biol Plant 15:171-178

Cermak J, Kucera J (1990) Scaling up transpiration data between
trees, stands and watersheds. Silva Carelica 15:101-120

Cermak J, Kucera J, Penka M (1976) Improvement of the method of
sap flow rate determination in adult trees based on heat balance
with direct electric heating of xylem. Biol Plant 18:105-110

Cermak J, Kucera J, Nadezhdina N (2004) Sap flow measurements
with some thermodynamic methods, flow integration within
trees and scaling up from sample trees to entire forest stands.
Trees Struct Funct 18:529-546. https://doi.org/10.1007/
s00468-004-0339-6

Cermék J, Deml M (1974) Method of water transport measurements
in woody species, especially in adult trees (in Czech). Patent
(Certification of authorship)

Cermék J, Ku&era J (1987) Transpiration of fully grown trees and
stands of spruce (Picea abies L. Karst) estimated by the tree trunk
heat balance method. In: Swanson R, Bernier P, Woodward P
(eds) Forest hydrology and watershed measurements, 167th edn.
Proceedings of the Vancouver, Wallingford, UK, pp 311-317

Cowan IR (1978) Stomatal behaviour and environment. Advances in
botanical research volume 4. Elsevier, pp 117-228. https://doi.
org/10.1016/S0065-2296(08)60370-5

Cristiano PM, Campanello PI, Bucci SJ et al (2015) Evapotranspiration
of subtropical forests and tree plantations: a comparative analy-
sis at different temporal and spatial scales. Agric For Meteorol
203:96-106. https://doi.org/10.1016/j.agrformet.2015.01.007

Duursma RA, Kolari P, Periméki M et al (2008) Predicting the decline
in daily maximum transpiration rate of two pine stands during
drought based on constant minimum leaf water potential and
plant hydraulic conductance. Tree Physiol 28:265-276. https://
doi.org/10.1093/treephys/28.2.265

Falge EM, Clement RJ, Baldocchi DD et al (2001) Gap filling strategies
for defensible annual sums of net ecosystem exchange. Agric For
Meteorol 107:43-69

Farquhar GD, Buckley TN, Miller JM (2002) Optimal stomatal con-
trol in relation to leaf area and nitrogen content. Silva Fenn
36:625-637

Flo V, Martinez-Vilalta J, Steppe K et al (2019) A synthesis of bias and
uncertainty in sap flow methods. Agric for Meteorol 271:362—
374. https://doi.org/10.1016/j.agrformet.2019.03.012

@ Springer



European Journal of Forest Research

Foken T, Leuning R, Oncley SR, Mauder M (2012) Corrections and
Data Quality Control. In: Eddy Covariance. Springer Nether-
lands, Dordrecht, pp 85-131

Ford CR, Hubbard RM, Kloeppel BD, Vose IM (2007) A comparison
of sap flux-based evapotranspiration estimates with catchment-
scale water balance. Agric for Meteorol 145:176—185. https://
doi.org/10.1016/j.agrformet.2007.04.010

Forster MA (2014) How significant is nocturnal sap flow? Tree Physiol
34:757-765. https://doi.org/10.1093/treephys/tpu051

Frank JM, Massman WJ (2020) A new perspective on the open-path
infrared gas analyzer self-heating correction. Agric For Meteorol
290:107986. https://doi.org/10.1016/j.agrformet.2020.107986

Gao Y, Markkanen T, Aurela M et al (2017) Response of water use
efficiency to summer drought in a boreal Scots pine forest in
Finland. Biogeosciences 14:4409—4422. https://doi.org/10.5194/
bg-14-4409-2017

Gash JHC (1979) An analytical model of rainfall interception by for-
ests. Q J Royal Met Soc 105(443):43-55. https://doi.org/10.1002/
qj-49710544304

Ghimire CP, Lubczynski MW, Bruijnzeel LA, Chavarro-Rincén D
(2014) Transpiration and canopy conductance of two contrast-
ing forest types in the Lesser Himalaya of Central Nepal. Agric
For Meteorol 197:76-90. https://doi.org/10.1016/j.agrformet.
2014.05.012

Gilmanov TG, Johnson DA, Saliendra NZ (2003) Growing season CO,
fluxes in a sagebrush-steppe ecosystem in Idaho: Bowen ratio/
energy balance measurements and modeling. Basic Appl Ecol
4:167-183. https://doi.org/10.1078/1439-1791-00144

Giuggiola A, Zweifel R, Feichtinger LM et al (2018) Competition for
water in a xeric forest ecosystem—effects of understory removal
on soil micro-climate, growth and physiology of dominant Scots
pine trees. For Ecol Manage 409:241-249. https://doi.org/10.
1016/j.foreco.2017.11.002

Good SP, Noone D, Bowen G (2015) Hydrologic connectivity con-
strains partitioning of global terrestrial water fluxes. Science
349(6244):175-1717. https://doi.org/10.1126/science.aaa5931

Granier A (1987) Evaluation of transpiration in a Douglass-fir stand
by means of sap flow measurements. Tree Physiol 3:309-320

Granier A, Reichstein M, Bréda N et al (2007) Evidence for soil water
control on carbon and water dynamics in European forests during
the extremely dry year: 2003. Agric for Meteorol 143:123-145.
https://doi.org/10.1016/j.agrformet.2006.12.004

Grossiord C, Buckley TN, Cernusak LA et al (2020) Plant responses to
rising vapor pressure deficit. New Phytol 226:1550-1566. https://
doi.org/10.1111/nph.16485

Gu C, Ma J, Zhu G et al (2018) Partitioning evapotranspiration using
an optimized satellite-based ET model across biomes. Agric for
Meteorol 259:355-363. https://doi.org/10.1016/j.agrformet.2018.
05.023

Hari P, Makela A, Korpilahti E, Holmberg M (1986) Optimal control of
gas exchange. Tree Physiol 2:169-175. https://doi.org/10.1093/
treephys/2.1-2-3.169

Haslwanter A, Hammerle A, Wohlfahrt G (2009) Open-path vs. closed-
path eddy covariance measurements of the net ecosystem carbon
dioxide and water vapour exchange: a long-term perspective.
Agric for Meteorol 149:291-302. https://doi.org/10.1016/j.agrfo
rmet.2008.08.011

Hu H, Chen L, Liu H et al (2018) Comparison of the vegetation effect
on ET partitioning based on eddy covariance method at five dif-
ferent sites of Northern China. Remote Sens. https://doi.org/10.
3390/rs10111755

IMGiW (2020) Biuletyn monitoringu klimatu Polski. https://klimat.
imgw.pl/pl/biuletyn-monitoring/. Accessed 6 Nov 2020

IMGW-PIB (2021) Dane publiczne. In: IMGW-PIB. https://danepublic
zne.imgw.pl

@ Springer

Tonita M, Tallaksen LM, Kingston DG et al (2017) The European 2015
drought from a climatological perspective. Hydrol Earth Syst
Sci 21:1397-1419. https://doi.org/10.5194/hess-21-1397-2017

Jarvis PG, Mcnaughton KG (1986) Stomatal control of transpiration:
scaling up from leaf to region. Adv Ecol Res 15:1-49. https://
doi.org/10.1016/S0065-2504(08)60119-1

Ji X, Zhao W, Kang E et al (2016) Transpiration from three dominant
shrub species in a desert-oasis ecotone of arid regions of North-
western China. Hydrol Process 30:4841-4854. https://doi.org/
10.1002/hyp.10937

Jiao L, Lu N, Fang W et al (2019) Determining the independent impact
of soil water on forest transpiration: a case study of a black locust
plantation in the Loess Plateau, China. J Hydrol 572:671-681.
https://doi.org/10.1016/j.jhydrol.2019.03.045

Katul GG, Ellsworth DS, Lai CT (2000) Modelling assimilation and
intercellular CO, from measured conductance: a synthesis of
approaches. Plant Cell Environ 23:1313-1328. https://doi.org/
10.1046/§.1365-3040.2000.00641.x

Katul GG, Palmroth S, Oren R (2009) Leaf stomatal responses to
vapour pressure deficit under current and CO2-enriched atmos-
phere explained by the economics of gas exchange. Plant Cell
Environ 8:968-979

Kittler F, Eugster W, Foken T et al (2017) High-quality eddy-covari-
ance CO, budgets under cold climate conditions. J Geophys Res
Biogeosciences 122:2064-2084. https://doi.org/10.1002/2017]
G003830

Kool D, Agam N, Lazarovitch N et al (2014) A review of approaches
for evapotranspiration partitioning. Agric for Meteorol 184:56—
70. https://doi.org/10.1016/j.agrformet.2013.09.003

Kormann R, Meixner FX (2001) An analytical footprint model for non-
neutral stratification. Bound Layer Meteorol 99:207-224

Korner C (1995) Leaf diffusive conductances in the major vegetation
types of the globe. In: SchulzeE-D C (ed) Ecophysiology of pho-
tosynthesis. Springer Verlag, Berlin, pp 463-490

Kottek M, Grieser J, Beck C et al (2006) World map of the Koppen-
Geiger climate classification updated. Meteorol Zeitschrift
15:259-263. https://doi.org/10.1127/0941-2948/2006/0130

Kucera J, Cermak J, Penka M (1977) Improved thermal method of
continual recording the transpiration flow rate dynamics. Biol
Plant 19:413-420

Kucera J (1977) A system for water flux measurements in plants (in
Czech)

Kucera J- EMS (2018) Sap flow system EMS 81 user manual

Kucera J, Urban J (2012) History of the development of the trunk
heat balance method in last forty years. Acta Hortic 951:87-94.
https://doi.org/10.17660/ActaHortic.2012.951.9

Kucera J, Vanicek R, Urban J (2020) Automated exponential feed-
back weighting method for subtraction of heat losses from sap
flow measured by the trunk heat balance method. Acta Hortic
1300:81-88

Kumagai T, Tateishi M, Miyazawa Y et al (2014) Estimation of annual
forest evapotranspiration from a coniferous plantation watershed
in Japan (1): Water use components in Japanese cedar stands. J
Hydrol 508:66-76. https://doi.org/10.1016/j.jhydrol.2013.10.047

Kume T, Takizawa H, Yoshifuji N et al (2007) Impact of soil drought
on sap flow and water status of evergreen trees in a tropical mon-
soon forest in northern Thailand. For Ecol Manage 238:220-230.
https://doi.org/10.1016/j.foreco.2006.10.019

Lasslop G, Reichstein M, Papale D et al (2010) Separation of net eco-
system exchange into assimilation and respiration using a light
response curve approach: critical issues and global evaluation.
Glob Chang Biol 16:187-208. https://doi.org/10.1111/j.1365-
2486.2009.02041.x

Levesque M, Andreu-Hayles L, Pederson N (2017) Water availability
drives gas exchange and growth of trees in northeastern US, not



European Journal of Forest Research

elevated CO 2 and reduced acid deposition. Sci Rep. https://doi.
org/10.1038/srep46158

Li X, Gentine P, Lin C et al (2019) A simple and objective method to
partition evapotranspiration into transpiration and evaporation at
eddy-covariance sites. Agric for Meteorol 265:171-182. https://
doi.org/10.1016/j.agrformet.2018.11.017

LI-COR; Inc (2019) EddyPro® Software

Lloyd J, Taylor J (1994) On the temperature dependence of soil respira-
tion. Funct Ecol 8(3):315-323

Marafién-Jiménez S, Van Den Bulcke J, Piayda A et al (2018) X-ray
computed microtomography characterizes the wound effect that
causes sap flow underestimation by thermal dissipation sensors.
Tree Physiol 38:288-302. https://doi.org/10.1093/treephys/
tpx103

Massmann A, Gentine P, Lin C (2019) When does vapor pressure defi-
cit drive or reduce evapotranspiration? J Adv Model Earth Syst
11:3305-3320. https://doi.org/10.1029/2019MS001790

Moncrieff JB, Massheder JM, De Bruin H et al (1997) A system to
measure surface fluxes of momentum, sensible heat, water
vapour and carbon dioxide. J Hydrol 188-189:589-611. https://
doi.org/10.1016/S0022-1694(96)03194-0

Moncrieff JB, Clement R, Finnigan J, Meyers T (2004) Averaging,
detrending and filtering of eddy covariance time series. In: Lee
X, Massman WJ, Law BE (eds) Dordrecht handbook of micro-
meteorology: a guide for surface flux measurements. Kluwer
Academic, pp 7-31

Moran MS, Scott RL, Keefer TO et al (2009) Partitioning evapotran-
spiration in semiarid grassland and shrubland ecosystems using
time series of soil surface temperature. Agric for Meteorol
149:59-72. https://doi.org/10.1016/j.agrformet.2008.07.004

Morgenstern K, Black TA, Humphreys ER et al (2004) Sensitivity
and uncertainty of the carbon balance of a Pacific Northwest
Douglas-fir forest during an El Nifio/La Nifia cycle. Agric for
Meteorol 123:201-219. https://doi.org/10.1016/j.agrformet.
2003.12.003

Nelson JA, Carvalhais N, Cuntz M et al (2018) Coupling water and car-
bon fluxes to constrain estimates of transpiration: the TEA algo-
rithm. J Geophys Res Biogeosciences 123:3617-3632. https://
doi.org/10.1029/2018JG004727

Nelson JA, Pérez-Priego O, Zhou S et al (2020) Ecosystem transpira-
tion and evaporation: Insights from three water flux partitioning
methods across FLUXNET sites. Glob Chang Biol 26:6916—
6930. https://doi.org/10.1111/gcb.15314

Novick KA, Walker J, Chan WS et al (2013) Eddy covariance measure-
ments with a new fast-response, enclosed-path analyzer: spectral
characteristics and cross-system comparisons. Agric for Meteorol
181:17-32. https://doi.org/10.1016/j.agrformet.2013.06.020

Oishi AC, Hawthorne DA, Oren R (2016) Baseliner: An open-source,
interactive tool for processing sap flux data from thermal dissi-
pation probes. SoftwareX 5:139-143. https://doi.org/10.1016/].
softx.2016.07.003

Okoniewska M, Szuminska D (2020) Changes in potential evaporation
in the years 1952-2018 in North-Western Poland in terms of the
impact of climatic changes on hydrological and hydrochemical
conditions. Water (Switzerland). https://doi.org/10.3390/w1203
0877

Oren R, Sperry JS, Katul GG et al (1999) Survey and synthesis of
intra- and interspecific variation in stomatal sensitivity to vapour
pressure deficit. Plant, Cell Environ 22:1515-1526. https://doi.
org/10.1046/j.1365-3040.1999.00513.x

Paschalis A, Fatichi S, Pappas C, Or D (2018) Covariation of vegeta-
tion and climate constrains present and future T/ET variability.
Environ Res Lett. https://doi.org/10.1088/1748-9326/aae267

Paul-Limoges E, Wolf S, Schneider FD et al (2020) Partitioning evapo-
transpiration with concurrent eddy covariance measurements in

a mixed forest. Agric For Meteorol 280:107786. https://doi.org/
10.1016/j.agrformet.2019.107786

Pieruschka R, Huber G, Berry JA (2010) Control of transpiration by
radiation. Proc Natl Acad Sci U S A 107:13372-13377. https://
doi.org/10.1073/pnas.0913177107

Plaut JA, Yepez EA, Hill J et al (2012) Hydraulic limits preceding mor-
tality in a pifion-juniper woodland under experimental drought.
Plant, Cell Environ 35:1601-1617. https://doi.org/10.1111/j.
1365-3040.2012.02512.x

Polonik P, Chan WS, Billesbach DP et al (2019) Comparison of gas
analyzers for eddy covariance: Effects of analyzer type and spec-
tral corrections on fluxes. Agric for Meteorol 272-273:128-142.
https://doi.org/10.1016/j.agrformet.2019.02.010

Qubaja R, Amer M, Tatarinov F et al (2020) Partitioning evapotranspi-
ration and its long-term evolution in a dry pine forest using meas-
urement-based estimates of soil evaporation. Agric For Meteorol
281:107831. https://doi.org/10.1016/j.agrformet.2019.10783 1

R Core Team (2020) R: a language and environment for statistical
computing. Austria, Vienna

Rabbel I, Bogena H, Neuwirth B, Diekkriiger B (2018) Using sap flow
data to parameterize the feddes water stress model for Norway
spruce. Water (Switzerland). https://doi.org/10.3390/w10030279

Rafi Z, Merlin O, Le Dantec V et al (2019) Partitioning evapotran-
spiration of a drip-irrigated wheat crop: inter-comparing eddy
covariance-, sap flow-, lysimeter- and FAO-based methods. Agric
for Meteorol 265:310-326. https://doi.org/10.1016/j.agrformet.
2018.11.031

Risidnen M, Aurela M, Vakkari V et al (2022) The effect of rainfall
amount and timing on annual transpiration in a grazed savanna
grassland. Hydrol Earth Syst Sci 26:5773-5791. https://doi.org/
10.5194/hess-26-5773-2022

Reichstein M, Falge E, Baldocchi D et al (2005) On the separation of
net ecosystem exchange into assimilation and ecosystem respira-
tion: review and improved algorithm. Glob Chang Biol 11:1424—
1439. https://doi.org/10.1111/j.1365-2486.2005.001002.x

Renninger HJ, Schifer KVR (2012) Comparison of tissue heat balance
and thermal dissipation-derived sap flow measurements in ring-
porous oaks and a pine. Front Plant Sci 3:1-9. https://doi.org/10.
3389/fpls.2012.00103

Savi T, Bertuzzi S, Branca S et al (2015) Drought-induced xylem cavi-
tation and hydraulic deterioration: risk factors for urban trees
under climate change? New Phytol 205:1106-1116. https://doi.
org/10.1111/nph.13112

Schlesinger WH, Jasechko S (2014) Transpiration in the global water
cycle. Agric for Meteorol 189—-190:115-117. https://doi.org/10.
1016/j.agrformet.2014.01.011

Soubie R, Heinesch B, Granier A et al (2016) Evapotranspiration
assessment of a mixed temperate forest by four methods: eddy
covariance, soil water budget, analytical and model. Agric for
Meteorol 228-229:191-204. https://doi.org/10.1016/j.agrformet.
2016.07.001

Stoy PC, El-Madany TS, Fisher JB et al (2019) Reviews and syntheses:
turning the challenges of partitioning ecosystem evaporation and
transpiration into opportunities. Biogeosciences 16:3747-3775.
https://doi.org/10.5194/bg-16-3747-2019

Sulman BN, Roman DT, Scanlon TM et al (2016) Comparing meth-
ods for partitioning a decade of carbon dioxide and water vapor
fluxes in a temperate forest. Agric for Meteorol 226-227:229—
245. https://doi.org/10.1016/j.agrformet.2016.06.002

Szatniewska J, Zavadilova I, Nezval O, Krejza J, Petrik P, Cater M,
Stojanovi¢ M (2022) Species-specific growth and transpiration
response to changing environmental conditions in floodplain
forest. For Ecol Manag 516:120248. https://doi.org/10.1016/].
foreco.2022.120248

Tang J, Bolstad PV, Ewers BE et al (2006) Sap flux-upscaled canopy
transpiration, stomatal conductance, and water use efficiency in

@ Springer



European Journal of Forest Research

an old growth forest in the Great Lakes region of the United
States. J Geophys Res Biogeosci. https://doi.org/10.1029/2005J)
G000083

Trugman AT, Anderegg LDL, Anderegg WRL et al (2021) Why is tree
drought mortality so hard to predict? Trends Ecol Evol 36:520—
532. https://doi.org/10.1016/j.tree.2021.02.001

Verbeeck H, Steppe K, Nadezhdina N et al (2007) Stored water use and
transpiration in Scots pine: a modeling analysis with ANAFORE.
Tree Physiol 27:1671-1685. https://doi.org/10.1093/treephys/27.
12.1671

Vicente-Serrano SM, Begueria S, Lopez-Moreno JI (2010) A multisca-
lar drought index sensitive to global warming: The standardized
precipitation evapotranspiration index. J Clim 23:1696-1718.
https://doi.org/10.1175/2009JCLI12909.1

Wang L, Wei X, Bishop K et al (2018) Vegetation changes and water
cycle in a changing environment. Hydrol Earth Syst Sci 22:1731—
1734. https://doi.org/10.5194/hess-22-1731-2018

Webb EK, Pearman GI, Leuning R (1980) Correction of flux measure-
ments for density effects due to heat and water vapour transfer. Q
J R Meteorol Soc 106:85-100. https://doi.org/10.1002/qj.49710
644707

Wieser G, Gruber A, Oberhuber W (2018) Growing season water bal-
ance of an inner alpine scots pine (Pinus sylvestris L.) forest.
Iforest 11:469-475. https://doi.org/10.3832/ifor2626-011

Wilson KB, Hanson PJ, Mulholland PJ et al (2001) A comparison of
methods for determining forest evapotranspiration and its com-
ponents: Sap-flow, soil water budget, eddy covariance and catch-
ment water balance. Agric for Meteorol 106:153-168. https://doi.
org/10.1016/S0168-1923(00)00199-4

WRB-IUSS (2007) World reference base for soil resources 2006, first
update 2007. World Soil Resour Reports No 103:128

@ Springer

Wautzler T, Lucas-Moffat A, Migliavacca M et al (2018) Basic and
extensible post-processing of eddy covariance flux data with
REddyProc. Biogeosci Dis. https://doi.org/10.5194/bg-2018-56

Yong JWH, Wong SC, Farquhar GD (1997) Stomatal responses to
changes in vapour pressure difference between leaf and air.
Plant, Cell Environ 20:1213-1216. https://doi.org/10.1046/].
1365-3040.1997.d01-27.x

Zhou S, Yu B, Huang Y, Wang G (2014) The effect of vapor pressure
deficit on water use efficiency at the subdaily time scale. Geophys
Res Lett 41:5005-5013. https://doi.org/10.1002/2014GL060741

Zhou S, Yu B, Huang Y, Wang G (2015) Daily underlying water use
efficiency for ameriflux sites. ] Geophys Res Biogeosciences
120:887-902. https://doi.org/10.1002/2015]G002947

Zhou S, Yu B, Zhang Y et al (2016) Partitioning evapotranspiration
based on the concept of underlying water use efficiency. Water
Resour Res 52:1160-1175. https://doi.org/10.1002/2015WRO0177
66

Ziembliriska K, Urbaniak M, Chojnicki BH et al (2016) Net ecosystem
productivity and its environmental controls in a mature scots pine
stand in north-western Poland. Agric for Meteorol 228-229:60—
72. https://doi.org/10.1016/j.agrformet.2016.05.022

Zimmermann R, Schulze ED, Wirth C et al (2000) Canopy transpira-
tion in a chronosequence of central Siberian pine forests. Glob
Chang Biol 6:25-37. https://doi.org/10.1046/j.1365-2486.2000.
00289.x

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



7. Oswiadczenia kandydata oraz wspolautorow

89



Oswiadczenie autora pracy doktorskiej o jej oryginalnoS$ci, samodzielnosci jej
przygotowania i o nienaruszeniu praw autorskich

Paulina Dukat

Niniejszym o$wiadczam, ze przedlozong prace doktorska pt.: Ocena wymiany wody i dwutlenku
wegla pomigdzy réznowiekowymi lasami sosnowymi a atmosferg w skali drzewa i ekosystemu.
Napisatam samodzielnie, tj. N
- nie zlecitam opracowania pracy lub jej czesci innym osobom,

- nie przepisalam pracy lub jej czgsci z innych opracowan i prac zwigzanych tematycznie z moja
praca,

- korzystalam jedynie z niezb¢dnej konsultacji,

- wszystkie elementy pracy, ktore zostaly wykorzystane do jej realizacji (cytaty, ryciny, tabele,
programy itp.), a nie bedace mojego autorstwa, zostaly odpowiednio zaznaczone oraz zostalo

podane zrédlo ich pochodzenia,

- praca nie byla wczes$niej podstawg nadania stapania doktora innej osobie

Mam $wiadomo$¢, =ze zlozenie nieprawdziwego os$wiadczenia skutkowaé bedzie
niedopuszczeniem do dalszych czynnosci przewodu doktorskiego lub cofnigciem decyzji o

nadaniu mi stopnia doktora oraz wszczgciem postepowania dyscyplinarnego.

Data i podpis autora

Poulivn Thikod
(1. 06 7073



Oswiadczenie autora o zgodnosci elektronicznej wersji pracy z jej forma wydrukowang

Paulina Dukat

Niniejszym o$wiadczam, ze zalaczona, wydrukowana wersja mojej pracy doktorskiej pt. Ocena
wymiany wody i dwutlenku wegla pomiedzy roznowiekowymi lasami sosnowymi a atmosferg w
skali drzewa i ekosystemu., jest zgodna z plikiem w wersji elektronicznej, znajdujacym si¢ na

zataczonym nosniku, przeznaczonym do sprawdzenia w systemie antyplagiatowym.

Data i podpis autora

, Fovalima
A4 L0 Dnlcod—



Oswiadczenie promotoréw pracy doktorskiej

Oswiadczamy, Ze niniejsza rozprawa zostala przygotowana pod naszym kierunkiem i
stwierdzamy, ze spetnia ona warunki do przedstawienia jej w postgpowaniu o nadanie stopnia
naukowego.

r

Data Podpis promotora rozprawy

M. 042023 TMKA [/Lubfw%?\./

--------------------------------

Podpis promotora pomocniczego rozprawy

S ]
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Poznan 26.03.2023

Mgr Paulina Dukat

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i Inzynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: : +48 665723673

paulina.dukatO5@gmail.com

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:

Dukat P., Ziemblinska K., Olejnik J., Malek S., Vesala T., Urbaniak M., Estimation of
Biomass Increase and CUE at a Young Temperate Scots Pine Stand Concerning Drought
Occurrence by Combining Eddy Covariance and Biometric Methods, 2021, Forests, DOI:
10.3390/f12070867 — Méj indywidualny udzial w jej powstawaniu polegal na —
przygotowanu oryginalnego tekstu pracy, konceptualizacji, opracowaniu metodologii

oraz wizulizacji co stanowi 61% calej pracy.

Podpis

Powling
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Poznan 26.03.2023

Dr inz. Klaudia Ziemblinska

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydziat Inzynierii Srodowiska i Inzynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: +48519755460

klaudiaziem@wp.pl

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Dukat P., Ziembliniska K., Olejnik J., Malek S., Vesala T., Urbaniak M., Estimation of
Biomass Increase and CUE at a Young Temperate Scots Pine Stand Concerning Drought
Occurrence by Combining Eddy Covariance and Biometric Methods, 2021, Forests, DOI:
10.3390/f12070867 — Méj indywidualny udzial w jej powstawaniu polegal na -

konceptualizacji, edytowaniu oraz redakeji pracy, co stanowi 7.8% calej pracy.

___ Podpis
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Poznan 26.03.2023

Prof. Dr hab. inz. Janusz Olejnik

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i Inzynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Piatkowska 94, 60-649 Poznan

Nr tel: +48 512453888

janusz.olejnik@up.poznan.pl

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:

Dukat P., Ziemblinska K., Olejnik J., Malek S., Vesala T., Urbaniak M., Estimation of
Biomass Increase and CUE at a Young Temperate Scots Pine Stand Concerning Drought
Occurrence by Combining Eddy Covariance and Biometric Methods, 2021, Forests, DOI:
10.3390/f12070867 — Méj indywidualny udzial w jej powstawaniu polegal na — analizie
formalnej, administracji projektu oraz zapewnieniu zasobéw do powstania pracy, co

stanowi 7.8 % calej pracy.




Krakow, 14.04.2023
prof. dr hab. inz. Stanislaw Malek
Katedra Ekologii i Hodowli Lasu,
Wydzial Lesny,
Uniwersytet Rolniczy w Krakowie,
Al. 29-go Listopada 46;
31-425 Krakow,
Nrtel.: +48 691373182

rimalek @ cyf-kr.edu.pl

Oswiadczenie o wspélautorstwie

Niniejszym oSwiadczam, Ze w pracy:

Dukat P., Ziemblinska K., Olejnik J., Malek S., Vesala T., Urbaniak M., Estimation of
Biomass Increase and CUE at a Young Temperate Scots Pine Stand Concerning Drought
Occurrence by Combining Eddy Covariance and Biometric Methods, 2021, Forests, DOI:
10.3390/f12070867 — 100 punktow na liscie MNiSW - Méj indywidualny udzial w jej
powstawaniu polegal na administracji projektu oraz zapewnieniu zasobow do

powstania pracy co stanowi 7.8% calej pracy.
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Poznan 26.03.2023

Prof. Timo Vesala

Institute for Atmospheric and Earth System Research/Physics,
Faculty of Science, University of Helsinki

P.O. Box 64 (Gustaf Hillstrdmin katu 2)

FI-00014 University of Helsinki

Finland

Nr tel: +358405779008

timo.vesala@helsinki.fi

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Dukat P., Ziemblinska K., Olejnik J., Matek S., Vesala T.. Urbaniak M.. Estimation of
Biomass Increase and CUE at a Young Temperate Scots Pine Stand Concerning Drought
Occurrence by Combining Eddy Covariance and Biometric Methods, 2021, Forests, DOI:
10.3390/f12070867 — M6j indywidualny udzial w jej powstawaniu polegal na — analizie

formalnej, komentowaniu oraz edytowaniu pracy, co stanowi 7.8 % calej pracy.



Poznan 26.03.2023

Dr inz. hab. Marek Urbaniak

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i Inzynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: +48505273436

marek.urbaniak @up.poznan.pl

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy:

Dukat P., Ziemblifiska K., Olejnik J., Malek S., Vesala T., Urbaniak M., Estimation of
Biomass Increase and CUE at a Young Temperate Scots Pine Stand Concerning Drought
Occurrence by Combining Eddy Covariance and Biometric Methods, 2021, Forests, DOI:
10.3390/£12070867 — Méj indywidualny udzial w jej powstawaniu polegal na analizie
formalnej, przechowywaniu i analizowaniu danych, recenzowaniu, weryfikacji i

nadzorze nad powstawaniem pracy, co stanowi 7.8 % calej pracy.
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Poznan 26.03.2023

Mgr Paulina Dukat

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i InZynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: +48 665723673

paulina.dukat05@gmail.com

Oswiadczenie o wspoélautorstwie

Niniejszym oéwiadczam, ze w pracy:

Dukat P., Bednorz E., Ziemblinska K., Urbaniak M.. Trends in drought occurrence and
severity at mid-latitude European stations (1951-2015) estimated using standardized
precipitation (SPI) and precipitation and evapotranspiration (SPEI) indices, 2022,
Meteorology and Atmospheric Physics, DOI: 10.1007/s00703-022-00858-w ~-Moj
indywidualny udzial w jej powstawaniu polegal na — przygotowanu oryginalnego tekstu
parcy, konceptualizacji, opracowaniu metodologii, oraz wizulizacji, co stanowi 61%

calej pracy.
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Poznan 26.03.2023

Prof. dr hab. Ewa Bednorz

Uniwersytet im. Adama Mickiewicza w Poznaniu
Wydzial Nauk Geograficznych i Geologicznych
Zaklad Meteorologii i Klimatologii

Bogumita Krygowskiego 10, 61-680 Poznan, Polska
Nr tel: 694048319

Email: ewabedno@amu.edu.pl

Oswiadczenie o wspoélautorstwie

Niniejszym oswiadczam, ze w pracy:

Dukat P., Bednorz E., Ziemblinska K., Urbaniak M., Trends in drought occurrence and
severity at mid-latitude European stations (1951-2015) estimated using standardized
precipitation (SPI) and precipitation and evapotranspiration (SPEI) indices, 2022,
Meteorology and Atmospheric Physics, DOI: 10.1007/s00703-022-00858-w — 70 punktow
na liscie MNiSW - Méj indywidualny udzial w jej powstawaniu polegal na — pomocy w

konceptualizacji, edytowaniu oraz redakeji pracy co stanowi - 13% calej pracy.
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Poznan 26.03.2023

Dr inz. Klaudia Ziemblinska

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i Inzynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: +48519755460

klaudiaziem@wp.pl

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, Ze w pracy:

Dukat P., Bednorz E., Ziemblinska K., Urbaniak M., Trends in drought occurrence and
severity at mid-latitude European stations (1951-2015) estimated using standardized
precipitation (SPI) and precipitation and evapotranspiration (SPEI) indices, 2022,
Meteorology and Atmospheric Physics, DOIL: 10.1007/s00703-022-00858-w — Mdj
indywidualny udzial w jej powstawaniu polegal na — komentowaniu oraz edytowaniu

pracy, co stanowi 13% calej pracy.

Podpis
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Poznan 26.03.2023

Dr inz. hab. Marek Urbaniak

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i InZynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Piatkowska 94, 60-649 Poznan

Nr tel: +48505273436

marek.urbaniak @up.poznan.pl
Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy:

Dukat P., Bednorz E., Ziemblinska K., Urbaniak M., Trends in drought occurrence and
severity at mid-latitude European stations (1951-2015) estimated using standardized
precipitation (SPI) and precipitation and evapotranspiration (SPEI) indices, 2022,
Meteorology and Atmospheric Physics, DOI: 10.1007/s00703-022-00858-w — Méj
indywidualny udzial w jej powstawaniu polegal na — komentowaniu, edytowaniu oraz

nadzorze nad pisaniem pracy, co stanowi 13% calej pracy.
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Poznan 26.03.2023

Mgr Paulina Dukat

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydzial Inzynierii Srodowiska i Inzynierii Mechaniczne;j,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: : +48 665723673

paulina.dukat05@gmail.com

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy:

Dukat P., Ziemblinska K., Risinen M., Olejnik J., Vesala T., Urbaniak M. Scots pine
responses to drought investigated with eddy covariance and sap flow methods, 2023,
European Journal of Forest Research, DOI: 10.1007/s10342-023-01549-w — 100 punktoéw
na liscie MNiSW — Méj indywidualny udzial w jej powstawaniu polegal na — napisaniu
oryginalnego tekstu pracy, udziale w opracowaniu metodologii, wizualizacji oraz

konceptualizacji pracy co stanowi 61% udzialu w calej pracy.
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Poznan 26.03.2023

Dr inz. Klaudia Ziembliiska

Pracownia Meteorologii, Katera Budownictwa i Geoinzynierii,
Wydziat Inzynierii Srodowiska i InZynierii Mechanicznej,
Uniwersytet Przyrodniczy w Poznaniu

Pigtkowska 94, 60-649 Poznan

Nr tel: +48519755460
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