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Abstract. Soil respiration was measured on rusty soil in a dry forest near £.6dz. A two-year series of soil respiration was divided
into characteristic sub-periods and relationships between CO, emission from the soil as well as selected aspectsof climatic conditios
were examined. The temperaturedependence of CO, fluxes from the soil is linear from March to June and expotential duringthe
period from June to March. Dividing the year into aphase of growth and a phase of decline and modeling soil respiration for each
of these sub-periods separately does not significantly improve the accuracy of the model. The studies have also shownthat soil
respiration responds with a delay of three days to changes in temperature and relative moisture,but with a 17-day delay to changes

in precipitation.
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1. Wstep

Przy modelowaniu procesu respiracji gleby (oddychania
gleby, emisji CO, z gleby) niemal powszechnie przyjmuje
sig, ze zalezno$¢ wielkosci wydzielania CO, z gleby od tem-
peratury (gleby i powietrza) najlepiej opisuje rownanie wy-
ktadnicze (Borken et al. 1999; Rochette et al. 1999; Kutsch et
al. 2001; Tang et al. 2003, 2005; Zhaofu et al. 2005). Modele
respiracji gleby uwzgledniaja, oprocz temperatury, rowniez
warunki wilgotno$ciowe (wilgotno$¢ gleby lub wysokosé
opadow) (Savage, Davidson 2003; Tufekcioglu; Kucuk 2004;
Tang et al. 2005). Formuly na obliczanie wielko$ci emisji
CO, z gleby r6znig si¢ u ré6znych autoréw, ale te dwie cechy
powtarzaja si¢ przy niemal wszystkich modelach. Jezeli doty-
cza one skali catego roku, daje to bardzo dobre rezultaty. Cza-
sem sg uwzgledniane dodatkowo rowniez inne czynniki, jak:
zawarto$¢ wegla (Kutsch et al. 2001; Rodeghiero, Cascatti
2005), wskaznik maksymalnej powierzchni lisci (Doran et al.
1990; Reichstein et al. 2003), pH (Reth et al. 2004), sposob
uzytkowania gruntu (Ardo, Olsson 2003) itp.

Tymczasem dokladniejsze analizy zmian wielkosci emi-
sji CO, z gleby przy réznych warunkach pokazujg, ze jedna
formuta na opisanie oddychania gleby w krotszych przedzia-
fach czasowych jest niewystarczajaca. Przyktadowo Upde-
graffiin. (1998) uzyskali (w do§wiadczeniu laboratoryjnym)

roézne rdwnania regresji miedzy respiracja a temperaturg przy
identycznych zmianach tego elementu klimatu w zalezno-
Sci od tego, czy najpierw generowano jej wzrost (od 6°C do
30°C), a pozniej spadek (od 30°C do 6°C), czy odwrotnie.
Z kolei Moore (1989) zauwazyl, ze rowniez w przypadku
analizy wptywu gleboko$ci zalegania wod gruntowych na
respiracj¢ gleby nalezy uwzgledni¢ histori¢ zmian tej deter-
minanty, gdyZ poziom emisji CO, jest inny przy takiej samej
glebokosci wod gruntowych w zaleznosci od tego, czy grunt
byt nasycony woda i nastgpuje jego wysychanie, czy wilgot-
no$¢ gleby si¢ zwigksza.

Innym zjawiskiem wartym zbadania jest okreslenie, czy
respiracja gleby odpowiada natychmiastowo na zmiany od-
dychania gleby. Czynniki wplywajace na wielko$¢ populacji
mikroorganizméw glebowych, w gléwnej mierze odpowiedzial-
nych za emisj¢ CO, z gleby, tzn. temperatura i wilgotno$¢ gleby
sa uwzgledniane w modelach oddychania gleby, ale wielkos¢ tej
populacji moze ulega¢ zmianom z pewnym opoznieniem wobec
zmian tych parametréw. Dotychczas tym zagadnieniem zajmo-
wali si¢: Wronski (2013, 2014) w skali catego roku oraz Wron-
ski 1 Okupny (2012) w okresie wzrostu respiracji wiosna.

Celem pracy byto zbadanie:

1) jaki ksztalt przyjmuje zaleznos$¢ oddychania gleby od
temperatury (liniowy czy wyktadniczy) w poszczegdlnych
fazach zmian respiracji gleby w ciggu roku,
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2) czy respiracja gleby ,,odpowiada” natychmiastowo na
zmiany temperatury powietrza, wilgotnosci wzglednej at-
mosfery i wysokos$ci opadéw czy z opoznieniem,

3) czy podzielenie calego okresu zmian respiracji gleby na
podokresy i modelowanie oddychania gleby w tych podokre-
sach moze zwickszy¢ jako$¢é wygenerowanych serii wartosci
teoretycznych respiracji.

2. Metodyka

Pomiary wielkosci emisji CO, z gleby byty dokonywa-
ne metodg komory zamknigtej. Komora miata powierzch-
ni¢ 23%23 cm i wysokos¢ 6 cm. Dolng czg$¢ tej komory
stanowita stalowa rama wbijana w glebe, gérng za$ — klosz
z pleksiglasu. Wewnatrz znajdowat si¢ miernik st¢zenia CO,
AiIrTECH vento firmy Gazex, wykorzystujacy metod¢ NDIR,
przy pomocy ktorego dokonywano pomiaréw stezenia CO,
w 2 momentach czasowych: 5 min. i 10 min. po zamknigciu
komory. Roznica stezen miedzy pozniejszym a wczesniej-
szym odczytem byta przeliczana na wielko$¢ emitowanego
w danym czasie CO, wg wzoru:

Mpor 273 DX * Vyy,

R =
T-P-t

Vmolnorm

gdzie:
g
M,  —masa molowa CO, [ﬁ] ,
— objetos¢ molowa powietrza w warunkach normal-

molnorm
3
nych [%],
AX — réznica migdzy wskazaniami miernika w chwili po-
czatkowej 1 w chwili koncowej pomiaru,
Voo™ objetos¢ powietrza w komorze (objgtosé komory po-
mniejszona o obj¢tos¢ miernika) [m’],
T — temperatura [K],
P — powierzchnia ograniczona stalowg ramg [m?],
t — czas pomiaru [A].

Wydzielanie CO, mierzono w odstgpach nieregularnych,
nie dtuzszych niz 7 dni, uzaleznionych od zmian pogody. Po-
miary rozpoczg¢to w marcu 2010 r., a zakonczono w marcu
2012 r. Aby sprawdzi¢ w jaki sposob nieroztozone i stabo
roztozone igliwie oraz li$cie zalegajace na powierzchni gleby
wpltywajg na wielko$¢ emisji CO,, pomiary prowadzono na 2
rodzajach stanowisk: na glebie z ktorej usunigto $ciotke i na
glebie na ktorej $cidtke pozostawiono.

Stanowiska pomiarowe zlokalizowano na terenie nasadzo-
nego lasu sosnowego, ktdéry mozna zaklasyfikowa¢ do typu
siedliskowego boru suchego. Znajduje si¢ on na wschod od
osiedla Olechéw i na potudnie od wsi Nery (52°44°36” N,
19°34°57” E, 223 m n.p.m.) na terenie nalezagcym admini-
stracyjnie do Lodzi. Jest to rejon ,,spotkania” trzech lobow
ladolodu warcianskiego (Turkowska 2006). Wody, ktore
sptywaty z tych lobéw, naniosty na tym obszarze duza ilos¢
osadow fluwioglacjalnych (Klatkowa 1972; Trzmiel, Nowac-
ki 1985, 1987), w zwigzku z czym wystgpity tutaj korzystne
warunki do wyksztalcenia si¢ profilu gleby rdzawej o bar-

dzo kwasnym odczynie (pH w H,O = 4,0, pH w KCI = 3,5)
z prochnicg typu mor. W catym profilu glebowym dominuje
frakcja piaszczysta, a jego gorna czgs¢, najsilniej wptywajaca
na wielkos$¢ respiracji, charakteryzuje si¢ grupa granulome-
tryczng piasku gliniastego.

W analizach statystycznych zalezno$¢ migdzy temperatura
powietrza a respiracja rozpatrywano w dwoch aspektach: (1)
wynikajaca ze zmiennosci krotkookresowej i (2) wynikajaca
ze zmiennosci sezonowe;j.

W pierwszym przypadku obliczono wspotczynniki kore-
lacji liniowej migdzy odfiltrowanymi seriami respiracji gleby
i temperatury powietrza. Filtracja polegata na odjeciu warto-
$ci §rednich ruchomych od warto$ci zaobserwowanych. Zba-
dano tez, czy istnieje opdznienie reakcji oddychania gleby na
zmiany temperatury, obliczajac korelacj¢ migdzy odfiltrowa-
nymi seriami respiracji a odfiltrowanymi seriami temperatury
$redniej z 1, 2, 3, ..., 10 dni. Srednie wartosci temperatury
obliczono w ten sposob, ze ostatni dzien zaliczony do serii
byt dniem wykonania pomiaru oddychania gleby, np. $rednia
3-dniowg obliczono z wartoéci temperatury w dniu pomiaru
i 2 dni poprzedzajacych ten pomiar.

W drugim przypadku (zmiennosci sezonowej) obliczono
korelacje miedzy (1) temperaturg z takiej liczby dni, dla ja-
kiej zaobserwowano najsilniejszy zwiagzek przy zmienno$ci
krotkookresowej, a (2) respiracja gleby oraz logarytmem
naturalnym respiracji gleby. Na podstawie tak obliczonych
wspotczynnikow korelacji okreslono, czy w wyrdéznionych
okresach ksztalt zaleznosci migdzy zmiennymi ma charak-
ter liniowy czy wyktadniczy. Przy rozpatrywaniu zmienno-
Sci sezonowej nie badano czasu reakcji oddychania gleby
na zmiany temperatury, gdyz wiasciwosci wspotczynnika
korelacji sprawiaja, ze w przypadku nie do konca zgodnych
krzywych przebiegu temperatury i respiracji, wyzsza kore-
lacje uzyskuje si¢, gdy krzywa temperatury jest bardziej
wygladzona (tzn. wartos$ci korelacji rosng wraz ze zwicksza-
niem u$rednienia niezaleznie od natury zwigzku). Przyjeto
a priori, ze przy zmiennosci sezonowej najsilniejszy zwigzek
z emisjg CO, wystepuje dla Sredniej temperatury powietrza
z takiej liczby dni, jaka wystepuje w przypadku zmiennosci
krotkookresowe;.

Dla okresow, w ktérych zauwazono istotng korelacje mie-
dzy respiracja a temperaturg, zmierzono sit¢ zaleznos$ci oraz
wielko$¢ opoznienia reakcji oddychania gleby na zmiany
wilgotnosci wzglednej atmosfery oraz wysokosci opadow.
Dokonano tego, obliczajac wspotczynniki korelacji liniowe;j
migdzy resztami z modelu respiracji gleby bazujacego na
warto$ciach temperatury (tzn. odchyleniami zaobserwowa-
nej respiracji gleby od respiracji gleby modelowej, wynika-
jacej z rozktadu temperatury), a odpowiednio: wilgotnoscia
wzgledna atmosfery (Srednia dobowa oraz srednimi z 2, 3,
..., 10 dni) 1 wysokoscig opadow (warto$cig dobowa i $red-
nimi z 2, 3, ..., 20 dni). Jezeli jednak zalezno$¢ migdzy od-
dychaniem gleby a temperaturg byta wyktadnicza, korelacje
Z wymienionymi parametrami, opisujagcymi wilgotno$¢, obli-
czono dla reszt z modelu logarytmu naturalnego (In) respira-
cji, a nie respiracji.
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Model respiracji tworzono, wykorzystujac jako zmien-
ne niezalezne temperatur¢ i ten z parametrow opisujacych
warunki wilgotno$ciowe (wilgotno$¢ wzgledna atmosfery
lub wysokos¢ opaddw), ktory wykazywat silniejszy zwig-
zek z respiracja gleby (doktadniej z odchyleniami respi-
racji rzeczywistej od respiracji teoretycznej wynikajacej
z rozktadu temperatur). Uwzgledniono rowniez wartos¢
opoznien w reakcji oddychania gleby na zmiany tych
elementéw klimatu. Jezeli w danym okresie zaleznosc
respiracji gleby od temperatury byla liniowa, estymacji
dokonano metodg regresji wiclorakiej, zas jezeli ta zalez-
nos¢ byla wyktadnicza, model wyznaczono metoda esty-
macji quasi-Newtona.

3. Wyniki

Na podstawie ksztaltu przebiegu respiracji gleby wy-
roézniono cztery okresy (ryc. 1). Okres A to czas wzrostu
emisji CO,. Rozpoczyna si¢ on zwykle ok. 10 marca, po
stopieniu pokrywy $nieznej. Trwa on do przetomu maja
1 czerwca, kiedy rozpoczyna si¢ okres B, w ktorym oddy-
chanie gleby wyraznie maleje. Obok wysokich temperatur
(ktore powinny stymulowa¢ emisje¢ CO, z gleby) wyste-
puja zwykle woéwczas niewielkie opady, co ogranicza od-
dychanie gleby (Wronski 2013). W lipcu rozpoczyna si¢
okres C. Poczatkowo wystepuja w nim bardzo wysokie
warto$ci emisji CO,. Z czasem jednak zaznacza sig syste-
matyczny spadek. Wyjatkiem jest jedynie czas opadu lisci
i igliwia na powierzchni¢ gleby i rozpoczecia ich inten-
sywnego rozktadu, ktéry wywotuje ponowny wzrost respi-
racji. Okres D wyrdzniono ze wzgledu na wystepowanie
pokrywy $nieznej (chociaz moga roéwniez w nim wystepo-
wa¢ podokresy bez§niezne).
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Rycina 1. Respiracja gleby na stanowisku badawczym i jej
podokresy (A, B, CiD)
Figure 1. Soil respiration in research point and subperiods (A, B, C
and D) of soil respiration

Analiza korelacyjna dotyczaca zmian krotkookresowych
(tab. 1.) wykazata, ze najsilniejsze zwiazki z oddychaniem
gleby wystepuja zwykle w przypadku $rednich dobowych
temperatur lub $rednich 3-dniowych temperatur powietrza.
Dla okresow A i D mozna przyjaé, ze respiracja gleby byta
najsilniej skorelowana ze $rednimi 3-dniowymi temperatury,
dla okresow B oraz A+B — ze $rednimi dobowymi tempera-
tury, za§ w pozostatych okresach — dla stanowisk bez §ciotki
— ze $rednimi 3-dniowymi temperatury, a na stanowiskach ze
$ciotka — ze srednimi dobowymi temperatury.

Warto przy tym zauwazy¢, ze zaobserwowane korelacje
byty stosunkowo silne w okresie wzrostu respiracji (okres A)
i stagnacji wielkosci emitowanego CO, (okres B), zas stabe
w okresie spadku oddychania gleby (okresy C i D).

Zaskakujacy jest fakt, ze dla catego 1. roku badan (okres
A+B+C+D) temperatura byta silniej skorelowana z respira-
cja gleby niz z logarytmem naturalnym In respiracji (tab. 2.),
co $wiadczy o liniowym ksztalcie zaleznosci migedzy tymi
zmiennymi, a nie wyktadniczym, jak zaktada wigkszos¢ au-
torow. Mogly na tym zawazy¢ stosunkowo niskie opady na
poczatku lata 2010 r., a wigc w okresie, kiedy oddychanie
gleby osiaga najwyzsze warto$ci. Mniejsza ilos¢ wody mogta
wigc ograniczy¢ emisj¢ CO, z gleby przy najwyzszych tem-
peraturach, co zmodyfikowalo ksztatt zaleznosci. W 1. roku
badan wspotczynniki korelacji z respiracja gleby (Swiadczace
o liniowej regresji) mialy najwigksza przewage nad wspot-
czynnikami korelacji z In respiracji gleby ($wiadczacymi
o wykladniczej zaleznosci) w okresie A, a takze A+B, a wigc
w okresie wzrostu oddychania gleby. W okresach spadku
(okresy C, D, B+C) wartos$ci obu typow wspolczynnikoéw
korelacji byty zblizone. Na wyzsza wartos¢ korelacji z od-
dychaniem gleby w poréwnaniu z korelacja z In respiracji
w okresach C+D i B+C+D mogla zawazy¢ wspomniana
niska ilo$¢ opadow na poczatku lata tego roku.

W 2. roku badan w okresach A, B, A+B warto$ci obu typow
wspotczynnikow korelacji byty zblizone. Z kolei w okresach
C, D, a zwlaszcza C+D i B+C+D, zaznaczyt si¢ wyraznie wy-
ktadniczy ksztatt zaleznosci respiracji gleby od temperatury.

Dla catego omawianego czasu liniowy ksztalt zaleznosci
byt widoczny w okresie A oraz A+B (a wigc w czasie wzro-
stu respiracji), wyktadniczy w okresach C, D, B+C, C+D
i B+C+D (a wigc w czasie spadku). W okresie B oba typy
wspotczynnika korelacji byty zblizone.

Skoro w okresach B oraz D korelacja z temperaturg naj-
czeSciej byla nieistotna statystycznie, zbadano, czy inny
element klimatu nie wplywa silniej na wielko$¢ oddychania
gleby w tych okresach (B i D). Analizy dokonano w analo-
giczny sposob jak w przypadku zbadania zaleznosci respi-
racji od temperatury. Jednak zaro6wno wilgotno§¢ wzgledna
atmosfery (tab. 3), jak 1 wysoko$¢ opadow (tab. 4) wptywata
wowczas w znikomym stopniu na zmiennos$¢ krotkookreso-
wa oddychania gleby. W przypadku zmiennosci sezonowe;j
(tab. 5) istotng korelacj¢ w obu latach badan uzyskano jedy-
nie dla wilgotnosci wzglednej (Sredniej 9-dniowej), ale przy
warto$ci wspotezynnikéw korelacji rzedu 0,50-0,70 opisy-
watla ona zaledwie 0,25-0,49% zmiennosci respiracji gleby
i nie nadawata si¢ do modelowania tego zjawiska.
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Tabela 1. Wspolczynniki Korelacji miedzy (1) odfiltrowanymi seriami respiracji i (2) odfiltrowanymi seriami temperatury
Sredniej dobowej i 2, 3, ..., 10-dniowej. Odfiltrowanie polegalo na odjeciu wartosci Srednich ruchomych 31-dniowych od wartosci

zaobserwowanych.
Table 1. Values of correlation coefficient between (1) filtred serie of soil respiration and (2) filtred series of average daily, 2-daily, ..., 10-daily
temperature. Filtration consisted in substraction moving average 31-daily temperature from observed values of temperature.
Rodzaj OKkresy u$rednienia temperatury
Rok Okres stanowiska Temperature average from:
Year  Period Typeof  1doba 2dni 3dni 4dni 5dni  6dni 7dni  8dni  9dni 10 dni
researchpoint 1 day 2days 3days 4days Sdays 6days 7days 8days 9days 10 days
bezSeidlki/ o )5 0578 0,657  0.648 0,606 0,602 059 0578 0539 0534
A litter free
zelciblkal o 3 0743 0794 0775 0725 0,699 0667 0630 0585 0584
with litter
bez $ciotki/
: 0,763 0,722 0,701 0,682 0,670 0645 0570 0544 0567 0537
B litter free
zeseiblka/ o6 0793 0755 0770 0828 0864 0837  0.803 0760 0,681
with litter
bez $ciélki/
. 0,569 0,617 059 0,533 0441 0339 0298 0268 0240 0,201
c litter free
ccidlkc
zeseidlka/ o0 0699 0,661 0633 0576 0505 0467 0404 0342 0271
with litter
bez Sciotki/
. 0,059 0038 0149 0,131 0,09 008 0100 0,127 0,160 0,179
b litter free
zeseidlka/ o 01 0426 0442 0393 0353 0303 0251 0201 0157 0,099
g with litter
> bezSeidlki/ o )6 0523 0583 0583 0568 0576 0568 0546 0521 0,500
= litter free
=~ A+B Scidlka/
o LeSCOKA o543 0614 0,641 0,651 0,662 0,682 0,665 0,623 0571 0,540
S with litter
m r e i/
bezSciolki/ <61 0590 0576 0536 0477 0402 0359 0329 0308 0272
litter free
B+C o
zesclolkal 666 0,628 0,596 0,596 0,598 0,582 0,546 0485 0423 0356
with litter
bez $ciélki/
. 0,364 0383 0384 0337 0285 0238 0228 0218 0212 0,195
litter free
C+D o
ZeSAOA o591 0,540 0,516 0,482 0,449 0411 0387 0342 0302 0249
with litter
bezScidlkil 301 0402 0402 0362 0319 0280 0264 0250 0245 0227
litter free
B+C+D o
zeScOlA o544 0,505 0,480 0461 0453 0445 0423 0375 0332 0,281
with litter
bez $ciélki/
: 0360 0,406 0427 0391 0344 0312 0301 0283 0266 0243
litter free
A+B+C+D <cidlka/
ZeSA0KA 6532 0524 0,520 0499 0476 0,464 0443 0394 0342 0291
with litter
bez $ciotki/
: 0,688 0,658 0635 0636 0,614 0568 0548 0493 0438 0383
litter free
5 A ciolia/
(5]
N ZeSCOA 445 0394 0422 0471 0,500 0489 0470 0472 0489 0,503
& with litter
: bezSeilki/ 1) 0514 0342 0246 083 0178 0205 0355 0443 0390
] litter free
~ B
zedciblkal ) 06 0475 0365 0244 0116 0003 0044 0107 0198  0.168

with litter
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Rodzaj Okresy usrednienia temperatury
Rok Okres stanowiska Temperature average from:
Year  Period Type of ldoba 2dni 3dni 4dni  5dni 6dni 7 dni 8dni 9dni 10 dni
research point 1 day 2days 3days 4days Sdays 6days 7days 8days 9days 10 days
o
bez$cidlki/ 150 0256 0369 0365 0343 0304 0234 0196 0141 0,083
c litter free
zedciblkal o560 0262 0262 0205 0071 0120 0078 0080 0046 0010
with litter
bez $ciélki/
. 0478 0551 0,567 0545 0440 0325 0252 0225 0202 0,178
D litter free
zelciblkal 0 st 0652 0,668 0644 0568 0495 0448 0439 0418 0387
with litter
bez Sciolki/
_ 0,679 0,595 0,527 0492 0456 0416 0,405 0383 0352 0282
litter free
A+B ot/
zescolkal o438 0351 0316 0292 0256 0210 0,185 0215 0237 0218
with litter
g bez Sciolki/
S €% 5¢10 0280 0327 0394 0383 0369 0354 0310 0292 0254 0,195
& litter free
~ Brc scitka/
o
e resaolal o371 0352 0338 028 0255 0216 0,190 0209 0,188 0,146
S with litter
=7
bezSeidlki/ (0 0247 0333 0331 0304 0259 0194 0160 0118 0077
litter free
C+D o
zesAOl o946 0251 0252 0207 0,175 0,129 009 009 0,072 0,047
with litter
bez $ciolki/
. 0262 0302 0359 0351 0330 0301 0253 0232 0200 0,155
litter free
B+C+D o
zesclolkal 5330 0319 0314 0272 0241 0201 0175 018 0168 0,135
with litter
bez $ciélki/
. 0242 0284 0340 0329 0307 0279 0235 0213 0178 0,133
litter free
A+B+C+D cciolca/
ZeSAOKA 6307 0,298 0289 0240 0208 0,170 0,49 0,60 0,140  0.108
with litter
bez §ciolki/
_ 0,564 0,619 0638 0633 0,602 0573 0562 0525 0480 0,449
A litter free
ol
zeseidlka/ 06 0550 0580 0593 0584 0568 0547 0536 0529 0536
with litter
bez §ciotki/
. 0,747 0,607 0,515 0452 0412 0406 0384 0437 0485 0434
B litter free
sciolka/
o zesaolial o678 0,583 0,511 0448 0396 0364 0333 0390 0408 0,349
= with litter
> bez $ciotki/
£ . 0332 0412 0465 0434 0382 0318 0260 0226 0,184 0,136
A c litter free
~ r .'lk/
g zescolal g8 0370 0358 0309 0270 0217 0,179 0,164 0,127 0,084
= with litter
= y eruye
1k
S bez$eidlki/ )1 0230 0296 0260 0211 0164 0151 0158 0168  0.171
D litter free
zesciblkal S0 0513 0523 0477 0424 0371 0325 0293 0258 0209
with litter
bez $ciélki/
. 0,567 0,565 0,552 0531 0503 0485 0478 0459 0432 0,384
litter free
A+B o
ZeSCOKAT 479 0454 0442 0427 0407 0389 0373 0379 0374 0,349

with litter
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Rodzaj Okresy uSrednienia temperatury
Rok OKkres stanowiska Temperature average from:
Year  Period Type of ldoba 2dni 3dni 4dni 5dni  6dni  7dni  8dni  9dni  10dni
rescarchpoint  1day 2days 3days 4days Sdays 6days 7days 8days 9days 10 days
bez $ciétki/

. 0,403 0,444 0,473 0,448 0,415 0,374 0,330 0,307 0,277 0,229
litter free

B+C e
zedciblkal o 6 0434 0415 0382 0362 0333 0307 0297 0264 0215
with litter
bez §ciotki/
o : 0261 0310 0352 0326 0288 0243 0208 0,186 0.164 0,137
< litter free
2 C+D <cilka/
£ ZeSCOTAT - h341 0327 0319 0282 0253 0216 0,188 0,175 0,150 0,119
A with litter
= bez $ciolki/
z : 0319 0344 0372 0347 0316 0281 0251 0233 0214 0,184
- litter free
2 BrC+D ze Sciolka/
S SCOTAT 0302 0370 0357 0326 0307 0281 0258 0245 0218 0,180
with litter
bez $ciélki/
4 0358 0393 0419 0397 0363 0329 0302 0273 0242 0,205
litter free
A+B+C+D

ze Scidtka/

. 0,396 0,385 0,383 0,360 0,341 0,317 0,294 0,276 0,244 0,207
with litter

Wartosci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionka / Statistically significant values (at significance level
a=0,05) are indicated with bold numerals
A, B, C, D jak na rycinie 1/ as in Figure 1

Tabela 2. Wspoélezynniki korelacji miedzy (1) respiracja gleby i logarytmem naturalnym respiracji a (2) temperatura Srednia dobowa
lub temperatura Srednig 3-dniowa

Table 2. Values of correlation coefficient between (1) soil respiration and the natural logarithm of soil respiration and (2) average daily
temperature or average 3-daily temperature

1. rok 2. rok Oba lata Liczba dni usred-
Okres Rodzaj stanowiska Fyear . ,Z,d = - - Both years nienia temperatury
Period Type of research point Zaleznos$¢ / Relationship Number of .days
liniowa wykladnicza liniowa wykladnicza liniowa wykladnicza of averaging
linear expo-tential linear expo-tential linear expo-tential temperature
A bez $ciolki/ litter free 0,878 0,819 0,914 0,880 0,891 0,838 3
ze $ciolka / with litter 0,911 0,788 0,854 0,866 0,369 0,791 3
B bez Sciélki/ litter free 0,498 0,438 0,730 0,731 0,464 0,421 1
ze $Sciétka/ with litter 0,638 0,608 0,398 0,393 0,302 0,278 1
C bez $ciolki/ litter free 0,863 0,821 0,736 0,758 0,757 0,755 3
ze Sciotka / with litter 0,890 0,880 0,555 0,663 0,596 0,685 1
D bez $ciolki/ litter free -0,203 -0,119 0,714 0,731 0,123 0,187 3
ze Sciotka/ with litter -0,102 -0,089 0,786 0,847 -0,102 0,268 3
AB bez $ciolki/ litter free 0,703 0,644 0,903 0,877 0,801 0,755 1
ze Sciotka / with litter 0,682 0,576 0,760 0,840 0,705 0,686 1
BiC bez $ciolki/ litter free 0,760 0,746 0,743 0,768 0,729 0,741 3
ze Sciotka/ with litter 0,701 0,709 0,557 0,679 0,548 0,657 1
C4D bez Sciolki/ litter free 0,875 0,798 0,774 0,341 0,813 0,819 3
ze Sciotka / with litter 0,882 0,783 0,555 0,791 0,704 0,790 1
BC4D bez $ciolki/ litter free 0,361 0,803 0,785 0,349 0,811 0,824 3
ze Sciotka/ with litter 0,836 0,775 0,557 0,802 0,684 0,789 1
bez $ciélki/ litter free 0,824 0,786 0,779 0,846 0,803 0,814 3
A+B+C+D o

ze $ciotka / with litter 0,794 0,708 0,543 0,797 0,681 0,753 1

WartoSci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionky / Statistically significant values (at significance level
a=0,05) are indicated with bold numerals
A, B, C, D jak na rycinie 1/ as in Figure 1
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Tabela 3. Wspélezynniki korelacji miedzy (1) odfiltrowanymi seriami respiracji i (2) odfiltrowanymi seriami wilgotnosci wzglednej
Sredniej dobowej i 2, 3, ..., 10-dniowej. Odfiltrowanie polegalo na odjeciu wartosci Srednich ruchomych 31-dniowych od wartosci
zaobserwowanych.

Table 3. Crrelation coefficient between (1) filtred serie of soil respiration and (2) filtred series ofaverage 1-daily, 2-daily, ..
moisture. Filtration consisted in substraction moving average 31-daily temperature from observed values of temperature.

., 10-daily relative

Liczba dni Okresy usrednienia wilgotnosci wzglednej
uSrednienia Rodzaj Average relative moisture from:
Okres Rok temperatury stanowiska
. Number Type of 1 . . . . . . . . 10 dni
Period Year 2dni 3dni 4dni 5dni 6dni 7dni 8dni 9dni
of daysof research —doba S s ddays Sdays 6days 7days 8days 9d 10
averaging point 1 day ays ays ays ays ays ays ays ays days
temperature
bez $ciélki/
3 . 20,172 -0234 -0.139 -0,130 -0,069 -0273 -0357 -049 -0,561 -0,591
rok 1. litter free
lst y er
veat 3 zeseiblkal 10 0485 0378 0374 0343 0582 -0,698 -0,758 -0,800 -0,793
with litter
bez $ciélki/
3 . 0,100 0,096 -0,024 -0,059 -0,037 -0,029 -0,016 0,002 0,015 0,046
B rok 2. litter free
2 year §cid
Y 3 zedeiblka/ 014 0028 0,035 -0025 0054 -0077 0082 -0.063 -0.046 -0.015
with litter
bez $ciélki/
oba lata 3 _ 20335 -0223 -0,179 -0,124 0,059 0,056 0,134 0,097 0,075 0,064
litter free
both <cidtka/
years 3 2eSAOKA 170 0,109 -0,089 -0,034 0,132 0,136 0205 0,182 0220 0,229
with litter
bez $ciélki/
3 : 0,100 0,096 -0,024 -0,059 -0,037 -0,029 -0,016 0,002 0,015 0,046
rok 1. litter free
1styear $cid
Y 1 zeSciblkal 14 0028 0035 0025 0054 0077 0082 -0.063 -0.046 -0.015
with litter
bez $ciélki/
3 . 20,004 0,163 0219 0290 0275 0,144 0050 0,039 0,043 0,089
rok 2. litter free
2Myear ze $ciotka/
1 S0 0,064 0308 0330 0417 0379 0295 0218 0237 0269 0343
with litter
bez $ciolki/
oba lata 3 , 0,063 0,109 0,055 0055 0067 0031 0007 0015 0024 006l
litter free
both ccidlia/
years 1 ZeSEOTAT T 6005 0,120 0,100 0,131 0,099 0,057 0024 0,046 0072 0,128

with litter

Wartosci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionka / Statistically significant values (at significance level

a=0,05) are indicated with bold numerals
B, D jak na rycinie 1/ as in Figure 1

W tej sytuacji najrozsadniejszym rozwigzaniem byto po-
dzielenie do celéw modelowania catego okresu zmiennosci
respiracji na 2 podokresy: A i B+C+D lub A+B i C+D (ryc. 2).
Poniewaz wyzsze wspotczynniki korelacji otrzymano dla
pierwszej z wymienionych mozliwosci (tab. 2), wiasnie nig
postugiwano si¢ w dalszych etapach pracy. Sprawdzono, czy
wyroznienie okresu A z liniowym wzrostem emisji CO, wraz
z temperaturg oraz okresu B+C+D, kiedy nastepuje spadek
wydzielania CO, wg krzywej wykladniczej, poprawia jako$¢
modeli respiracji gleby w uktadzie czasowym.

Trzeba jednak zwrdci¢ uwage, ze potencjalny model mogt-
by dawac lepsze rezultaty, gdyby udato si¢ znalez¢é w przyszto-
$ci satysfakcjonujaca formule na obliczanie respiracji gleby
w okresie zimowym. Prawdopodobnie nie bgdzie ona uwzgled-

niala jednak ani warunkéw atmosferycznych, ani nawet pro-
cesow fizycznych w samej glebie, lecz procesy biologiczne.
Z badan Zimova i in. (1993) wynika, ze duzej zmiennosci prze-
ptywow CO, w tym okresie towarzysza wzglednie stabilne pa-
rametry fizyczne. Na rysunku 2 przedstawiono, w jaki sposob
zmieniajg si¢ relacje respiracji gleby oraz $redniej temperatury
3-dniowej w ciggu roku z podziatem na te trzy okresy (A, B+C
i D). Podczas, gdy w okresie A respiracja ro$nie dosy¢ szybko
wraz ze wzrostem temperatury, w okresie B+C spadek oddy-
chania gleby jest spowolniony, zwlaszcza pod koniec jesieni.
Nie mozna zatem sformutowaé jednego wzoru pozwalajace-
go obliczy¢ wielkos¢ emisji CO, na podstawie temperatury,
lecz uktady tych zmiennych w czasie tworza na wykresie petle
quasi-histerezy.
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Tabela 4. Wspotczynniki korelacji miedzy (1) odfiltrowanymi seriami respiracji i (2) odfiltrowanymi seriami Sredniej wysokos$ci opadow
z1,2,...,10-dniowej. Odfiltrowanie polegalo na odjeciu wartosci Srednich ruchomych 31-dniowych od wartosci zaobserwowanych.
Table 4. Correlation coefficient between (1) filtrem series of soil respiration and (2) filtred series of average 1-daily, 2-daily, ..., 10-daily
precipitation. Filtration consisted in substraction moving average 31-daily temperature from observed values of temperature.

Rok Liczba dni Okresy usrednienia wysoko$ci opadow
Year usrednienia Rodzaj Average precipitation from:
Okres temperatury .
. stanowiska
Period Number 1 . . . . . . . . 10 dni
of days of Type of rese- doba 2dni 3dni 4dni S5dni 6dni 7dni 8dni 9dni 10
. arch point
averaging ch poin | day 2 days 3days 4days Sdays 6days 7days 8days 9 days days
temperatur
bez $ciotki/
3 . -0,096 -0,281 -0,230 -0,366 -0,418 -0,563 -0,580 -0,616 -0,608 -0,726
rok 1. litter free
18 i
year 3 zeSeiblkal ) )00 0,003 -0,097 0,164 0216 -0448 -0.558 0571 -0550 -0.635
with litter
bez §ciotki/
3 . -0,268 0,017 0,321 0,160 0,137 0,152 0,146 0,095 0,187 0,228
rok 2. litter free
2ndyear ze $ciotka/
3 0,348 0,627 0,597 0,196 0,189 0,166 0,129 0,116 0,014 0,022

with litter

oba lata 3 bez$eidlki/ o1 0249 0322 -0311 -0.011 -0116 0125 0.145 0164 0.087
litter free

both
ol
years 3 zeseidlka/ 10 0172 0258 -0258 0037 0018 0221 0233 0240 0179
with litter
bez $ciélki/
3 , 20268 0017 0321 0160 0,137 0,152 0146 0,095 0,187 0228
rok 1. litter free
lst y er
year 1 zeseidlka/ e 0627 0597 0196 0189 0166 0129 0116 0014 0022
with litter
bez $ciolki/
3 , 0112 0239 0211 0349 0406 0119 -0,017 -0.058 -0.056 0,020
D rok 2. litter free
2nd y ez
yeat 1 zeseidlkal o 0007 0095 0289 0330 0166 -0002 0066 0008 0044
with litter
bez $ciolki/
oba lata 3 e 0103 0086 0266 0215 0204 0137 0095 0048 0103 0,146
both Sciélka/
years | ZeSCOTKAT 565 0450 0374 0220 0221 0,165 0,091 0,101 0015 0,035

with litter

WartoSci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionka / Statistically significant values (at significance level
a=0,05) are indicated with bold numerals
B, D jak na rycinie 1/ as in Figure 1

Tabela 5. Wspolczynniki korelacji miedzy (1) respiracja gleby a (2) wilgotnoscia wzgledna Srednig 9-dniowa i wysokoscia opadow
Srednia 3-dniowa
Table 5. Corrlation coefficients between (1) soil respiration and (2) average 9-daily relative moisture and average 3-daily precipitation

Wilgotnos¢ wzgledna Wysokos¢ opadow
. . $r. 9 dn. $r. 3 dn.
Okres Rodzaj stanow1sk.a Average 9-daily relative moisture Average 3-daily precipitation
Period Type of research point
1. rok 2. rok Oba lata 1. rok 2. rok Oba lata
I*tyear 2Myear both years I*tyear 2Myear both years
B bez $ciélki/ litter free 0,131 0,196 0,215 0,299 -0,312 0,007
ze $ciotka/ with litter -0,122 0,679 0,495 0,360 0,023 0,234
D bez $ciélki/ litter free 0,500 0,617 0,527 0,558 0,164 0,405
ze $cioltka/ with litter 0,510 0,687 0,510 0,706 0,144 0,706

Wartosci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionka / Statistically significant values (at significance level
a=0,05) are indicated with bold numerals
B, D jak na rycinie 1/ as in Figure 1
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Za podstawe modelu postuzyla temperatura powietrza.
Oprocz temperatury, najwazniejszym czynnikiem ksztattu-
jacym wielkos¢ respiracji gleby sa warunki wilgotnosciowe,
dlatego uzupetniono model o wilgotnos¢ wzgledna atmos-
fery lub wysoko$¢ opadow. Stwierdzono wystepowanie ok.
3-dniowego opo6znienia w reakcji oddychania gleby na zmia-
ny wilgotno$ci wzglednej (zarowno w okresie A, B+C+D, jak
i w catym roku) (tab. 6). W przypadku zaleznosci respira-
cji gleby od wysokosci opaddéw to opdznienie jest wigksze,
wynoszace zwykle ok. 17-18 dni w okresach B+C+D oraz
catym roku. W okresie A w drugim roku badan reakcja oddy-
chania gleby byla jednak szybsza i wyniosta 7-8 dni (tab. 7).

Zauwazono tez, ze zwiazek respiracji gleby ($cislej odchy-
len respiracji gleby od respiracji teoretycznej, wynikajacej
z rozkladu temperatury) byt silniejszy z wysokoscia opadow
niz z wilgotno$cia wzgledna atmosfery. Jedynie w przypadku
okresu A w 1. roku badan zauwazono odstepstwo od tej reguty.

Powyzsza analiza sktania do przyjecia jako zmiennych nie-
zaleznych modelu respiracji gleby srednie wartosci temperatury
z 3 dni oraz $rednie sumy opadéw z 17 dni. Wprawdzie w nie-
ktorych okresach lepsze dopasowanie uzyskano dla Srednich
dobowych temperatury oraz §rednich sum opadow z 5, 7, 8, 18
dni, ale réznice w sile korelacji z respiracjg gleby (lub z odchy-
leniami respiracji gleby od respiracji teoretycznej wynikajacej
z rozktadu temperatury w przypadku wysokosci opadow) nie sa
duze. Przyjeto, ze w okresie A ksztalt zaleznosci respiracji gleby
od temperatury opisuje rownanie prostoliniowe, a w okresie
B+C+D — réwnanie krzywej wyktadniczej. W obu podokresach
przyjeto, ze wysokie opady ograniczaja emisj¢ CO, z gleby, dla-
tego w okresie A rownanie opisujace respiracj¢ ma postac:

R =a+bT+cW+dW?

za$ w okresie B+C+D:
R = q + ebteT+aw+fw?

gdzie:

R —teoretyczna respiracja gleby w danym dniu,
T — $rednia temperatura z 3 dni,

W — $rednia wysokos$¢ opadoéw z 17 dni,

a, b, ¢, d, f—wspdtczynniki empiryczne.

Przyjeto, ze okres A zaczyna si¢ 11 marca a konczy 10 czerw-
ca, natomiast okres B+C+D zaczyna si¢ 11 czerwca i konczy
10 marca. Tak opracowany model poréwnano z modelem dla
catego okresu badawczego, uwzgledniajacego wyktadniczy
ksztalt zalezno$ci emisji CO, od temperatury i ograniczenie
oddychania gleby przy bardzo wysokich opadach. Model ten
ma zatem postac:

R = q + ebtcT+aw+fw?

Rycina 2. Krzywe regresji miedzy respiracja gleby a temperatura Srednia
3-dniowa w wyroznionych okresach A i B+C na stanowiskach bez $ciélki (a)
i ze $ciolka (b) oraz schematyczny rysunek obrazujacy w jaki sposéb zmieniaja
sie relacje respiracji gleby oraz temperatury $r. 3-dniowej w ciagu roku. A, B,
C, D jak na rycinie 1.

Figure 2. Soil respiration as a function of average 3-daily temperature in periods
A and B+C in research point without litter (a) and with litter (b) and schematic graph
of changes in relations between soil respiration and average 3-daily temperature. A,
B, C, D/ as in Figure 1.
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Tabela 6. Wspélczynniki korelacji miedzy (1) wilgotnoscia wzgledna Srednia z 1, 2, ..., 10 dni a (2) resztami z modelu respiracji
bazujacego na warto$ciach Sredniej 3-dniowej temperatury (w okresie A) i resztami z modelu logarytmu naturalnego respiracji
bazujacego na warto$ciach $reniej 1-dniowej lub $redniej 3-dniowej temperatury (w okresach B+C+D i A+B+C+D)

Table 6. Correlation coefficients between (1) average 1-daily, 2-daily, ..., 10-daily relative moisture and (2) residual of above average 3-daily
temperature model of soil respiration (in period A) and residual of above average 1-daily or 3-daily temperature model of In soil respiration (in
periods B+C+D and A+B+C+D)

Liczba dni Okresy uSrednienia wysokos$ci opadéw
usrednienia Rodzaj Average precipitation from:
Okres temperatury X
. Rok stanowiska
Period Number 1 10 dni
Year Type of rese- 2dni 3dni 4dni Sdni 6dni 7dni 8dni 9dni
ofdaysof = hpoint  dob2 5y days 4d d d d d d 10
averaging p | day ays 3 days ays Sdays 6days 7days 8days 9 days days
temperatur
bez $ciotki/
3 . 0,556 0,633 0,703 0652 0584 0543 0507 0495 0479 0483
rok 1. litter free
1styear $cié
Y 3 zesciblkal o oo 0620 0749 0717 0660 0.607 0566 0547 0537 0546
with litter
bez $ciélki/
3 . 20,090 0,047 0,158 0,163 0154 0088 0079 0,046 -0,015 -0,051
A rok 2. litter free
2nd ear s o7
Y 3 zeSciblkal 105 0220 0284 0215 0136 0035 0060 0056 -0.011 -0,092
with litter
oba bez $ciolki/
3 . 0235 0266 0318 0307 0269 0231 0213 0,194 0167 0,153
lata litter free
both $cib
3 zedciblkal (206 0316 0365 0337 0285 0229 0223 0210 0,183 0.155
years with litter
bez $ciélki/
3 . 0391 0451 0462 0430 0398 0376 0345 0325 0313 0307
rok 1. litter free
151 ear y er
Y 1 zeSciblkal o 147 0476 0485 0460 0424 0396 0359 0335 0328 0330
with litter
bez $ciotki/
3 . 0.154 0241 0266 0247 0272 0242 0223 0,186 0.166 0,151
rok 2. litter free
B+C+D an ear 7 -rlk/
Y 1 ZeSCOAT 6934 0316 0300 0275 0294 0274 0254 0224 0220 0211
with litter
cion
oba 3 bez Scidlki/ 0o 0359 0375 0353 0348 0323 0295 0268 0252 0240
lata litter free
both
1 zedeiblka/ 1 0397 0396 0376 0369 0345 0313 0287 0279 0274
years with litter
bez $ciotki/
3 . 0,408 0,446 0454 0423 0386 0362 0325 0304 0297 029
rok 1. litter free
1styear $cio
Y 1 zedeiblka/ ) b4 0409 0401 0380 0341 0311 0270 0247 0247 0254
with litter
bez $ciélki/
3 . 0,061 0,175 0225 0209 0209 0,179 0,165 0,145 0,128 0,114
rok 2. litter free
Y 1 ZeSCOTAT 0932 0330 0343 0320 0310 0280 0266 0250 0243 0,229
with litter
oba bez $ciolki/
3 . 0243 0302 0325 0305 0286 0260 0233 0214 0202 0,194
lata litter free
both $cio
! zeSciblka/ o 151 0346 0342 0321 0299 0269 0242 0224 0220 0216
years with litter

Wartosci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionka / Statistically significant values (at significance level
a=0,05) are indicated with bold numerals
A, B, C, D jak na rycinie 1/ as in Figure 1
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Tabela 7. Wspélcezynniki korelacji miedzy (1) Srednia wysokoscig opadéw z 1, 2, ..., 20 dni a (2) resztami z modelu respiracji bazujacego
na wartos$ciach Sredniej 3-dniowej temperatury (w okresie A) i resztami z modelu logarytmu naturalnego respiracji bazujacego na
wartoS$ciach $reniej 1-dniowej lub $redniej 3-dniowej temperatury (w okresach B+C+D i A+B+C+D)

Table 7. Correlation coefficients between (1) average 1-daily, 2-daily, ..., 20-daily precipitation and (2) residual of above average 3-daily
temperature model of soil respiration (in period A) and residual of above average 1-daily or 3-daily temperature model of In soil respiration (in
periods B+C+D and A+B+C+D)

Liczba dni Okresy usrednienia wysokosci opadéw
uSrednienia Rodzaj Average precipitation from:
Okres temperatury .
. Rok stanowiska
Period Number 1 . . . . . . . . 10 dni
Year of days of Type of rese- doba 2dni 3dni 4dni S5dni 6dni 7dni 8dni 9dni 10
h point
averaging arch poin I day 2days 3days 4days Sdays 6days 7days 8days 9 days days
temperatur
bez $ciolki/
3 , 0325 0552 0,664 0,680 0,674 0620 0592 0,628 0,635 0,604
rok 1. litter free
lst ear 7 -rlk
Y 3 zeseidlkal )0 0493 0602 0,653 0728 0682 0,648 0685 0687 0,656
with litter
bez $ciolki/
3 , 0,148 0,136 0303 0448 0453 0482 0533 0506 0466 0,467
A rok 2. litter free
2nd ear I3 -rlk
Y 3 zeseidlka/ 014 0425 0585 0535 0445 0416 0573 0588 0528 0484
with litter
oba 3 bez$eilki/ 1 0349 0462 0525 0529 0493 0476 0501 0495 0461
lata litter free
both $ciolk:
3 zeseidlka/ o 1 0379 0473 0484 0500 0463 0477 0511 049 0454
years with litter
bez $ciotki/
3 , 20020 0036 0121 0223 0265 0315 0306 0312 0358 0370
rok 1. litter free
lst ear 7 -rlk
Y 1 zeSeidlkal 100 0207 0349 0386 0400 0426 0412 0423 0450 0.460
with litter
bez $ciolki/
3 , 0093 0204 0337 0374 0403 0393 0427 0417 0392 0383
rok 2. litter free
BresD 0 il
Y 1 ZeSClOlA 0930 0327 0425 0447 0482 0488 0517 0530 0534 0516
with litter
bez Sciolki/
oba 3 ¢ 5610 0,007 0,117 0211 0281 0316 0338 0340 0332 0352 0359
lata litter free
both Sciolk:
1 zeseidlka/ et 0314 0376 0401 0422 0429 0426 0425 0438 0444
years with litter
bez $ciotki/
3 , 0040 0143 0218 0291 0323 0328 0309 0327 0367 0371
rok 1. litter free
lst ear 7 -rlk
Y 1 zeseidlka/ o107 0286 0327 0358 0370 0344 0319 0350 0379 0380
with litter
bez $ciotki/
3 , 0030 0185 0321 0375 0381 0387 0417 0409 0384 0378
rok 2. litter free
ABCD T o
Y 1 ZeSClOKA 0906 0,359 0454 0460 0463 0472 0506 0,505 0507 0,498
with litter
bez Sciolki/
oba 3 5610 0,030 0,160 0252 0316 0337 0335 0327 0333 0351 0351
lata litter free
both ze $ciotka/

o 0,181 0,312 0,364 0385 0389 0364 0352 0367 0385 0,383
years with litter
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Liczba dni Okresy usrednienia wysokosci opadow
usrednienia Rodzaj Average precipitation from:
Okres temperatury .
. Rok stanowiska
Period Number 1ldni 12dni 13dni 14dni 15dni 16dni 17dni 18dni 19dni 20 dni
Year Type of rese-
ofdaysof 0 LI 12 13 14 15 16 17 18 19 20
averaging days days days days days days days days days days
temperatur
3 bez Seilki/ ) 7 0,649 0,621 0,614 0,678 0,684 0,685 0,688 0,656 0,637
rok 1. litter free
1styear §cid
Y 3 zedcidlkal o 00 0,698 0703 0700 0724 0720 0728 0713 0,647 0,612
with litter
bez $ciolki/
3 _ 0,448 0,498 0,496 0487 0484 0465 0450 0438 0420 0,401
A rok 2. litter free
2 year §cio
Y 3 zedciblkal o 31 0488 0489 0524 0510 0430 0431 0446 0437 0392
with litter
oba 3 bez Scidlki/ o 17 0485 0473 0466 0504 0506 0505 0505 0477 0456
lata litter free
both
3 zeSeidlka/ o 1o 0471 0486 0494 0500 0475 0480 0478 0443 0,410
years with litter
bez $ciélki/
3 i 0,383 0387 0394 0406 0419 0447 0474 0484 0477 0456
rok 1. litter free
15( y .7
vear 1 zedciblkal <00 0524 0533 0539 0537 0559 0580 0582 0568 0,547
with litter
bez $ciélki/
3 , 0390 0395 0407 0414 0411 0417 0424 0404 0421 0418
rok 2. litter free
B+C+D 2 year Sciolka/
Y 1 zesclolkal 0509 0,502 0525 0,537 0,534 0527 0527 0513 0,519 0,513
with litter
oba 3 bez Sciblld/ 1) 0377 0382 0394 0,403 0423 0443 0442 0442 0,430
lata litter free
both
1 zelciblkal o 01 0479 0488 0498 0500 0510 0525 0521 0513 0,503
years with litter
bez $ciolki/
3 _ 0,390 0,402 0407 0415 0432 0456 0475 0487 0480 0,460
rok 1. litter free
15( ear 7 er
Y 1 zedciblkal o 1 0442 0453 0454 0457 0469 0481 0487 0477 0461
with litter
bez $ciolki/
3 . 0,386 0397 0,405 0410 0410 0414 0420 0403 0416 0413
rok 2. litter free
ASBCD 05" .
Y 1 ZeSAOKA g 402 0,493 0,516 0,525 0,523 0,511 0,515 0,503 0,511 0,504
with litter
oba 3 bezSeidlki/ o 3cc 0377 0381 0389 0403 0419 0434 0435 0431 0418
lata litter free
b th 7 er
y 1 zedciblkal o 108 0420 0433 0439 0444 0446 0456 0455 0445 0435
years with litter

WartoSci istotne statystycznie (przy poziomie istotnosci 0,05) zaznaczono pogrubiona czcionka / Statistically significant values (at significance level

a=0,05) are indicated with bold numerals

A, B, C, D jak na rycinie 1/ as in Figure 1

Podzielenie catego okresu zmienno$ci respiracji gleby
na czas jej wzrostu (okres A) i spadku (okres B+C+D) przy
modelowaniu procesu oddychania gleby w pewnym stopniu
poprawito doktadno$¢ wartosci teoretycznych respiracji. Jest
to widoczne gldwnie dla wartosci z maja i poczatku czerwca
(ryc. 3). Jednak wartosci standardowego bledu estymacji oraz

wspotczynnikow determinacji R* dla obu rozpatrywanych
modeli sg niemal identyczne (tab. 8, ryc. 4), co oznacza, ze
uwzglednienie réznych ksztattow zaleznoSci wielkosci emi-
sji CO, w okresie A i B+C+D nie poprawia znaczaco jako-
Sci modelu respiracji i stosowanie jednej formuty dla catego
okresu zmienno$ci daje satysfakcjonujace rezultaty.
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Rycina 3. Zaobserwowana warto$¢ respiracji gleby na
stanowisku badawczym (a) oraz wartosci teoretyczne respiracji
gleby wg modelu uwzgledniajacego podzial na okres wzrostu
i spadku wielkosci emisji CO, z gleby (b) i wg modelu stosujacego
jedna formule dla calego okresu badawczego (c)

Figure 3. Observed soil respiration in research point (a) and teoretical
soil respiration based on model taking into account the division for
a period of increasing and period of decreasing of soil respiration (b)
and one model for whole research period (c)
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Tabela 8. Warto$ci R? i bledu standardowego estymacji dla obu

rozpatrywanych modeli

Table 8. Values of R? and standard error of estimation for two tested

models
Stanowisko bez Stanowisko ze
Sciotki Sciotka
Research point Research point
without litter with litter
Model
Model Blad stand. Blad stand.
estymacji estymacji
R? Standard R? Standard
error of terror of
estimation estimation

R = atbT+cW+dW*

w okresie A /

in period A 0,83
w okresie B+C+D /

in period B+C+D

w calym okresie ba-
dawcezym / in whole 0,75
research period

41,28 0,81 85,33

42,85 0,73 88,3

Oznaczenia: R — teoretyczna respiracja gleby w danym dniu; 7—$rednia
temperatura z 3 dni; W — Srednia wysoko$¢ opadow z 17 dni; a, b, ¢, d,
f— wspélezynniki empiryczne; A, B, C, D jak na rycinie 1

Notes: R — teoretical soil respiration of the day; 7' — average 3-daily tempera-
turg; W — average 17-daily precipitation; a, b, ¢, d, f— empirical coefficients;
A, B, C, D as in Figure 1.

4. Dyskusja

Respiracja gleby, podobnie jak kazde inne zjawisko w przy-
rodzie, wymyka si¢ prébom ujecia przy pomocy prostych
formul matematycznych. Jednoczesnie modelowanie mate-
matyczne ufatwia prognozowanie zmian wielkosci emisji CO,
z gleby, stad rosnie konieczno$¢ ulepszania tych modeli.

Odstepstwa od wyktadniczego ksztattu zaleznosci oddy-
chania gleby od temperatury zauwazyli m.in. Rodeghiero
i Cascatti (2005). Zdaniem tych autoréw przy najwyzszych
wartosciach temperatury respiracja gleby jest mniejsza, niz
by to wynikato z rownania krzywej wyktadniczej ze wzgledu
na spadek wilgotnos$ci przy wysokich temperaturach. Z kolei
Chapman i1 Thurlow (1996), Fang i Moncrieff (2001) oraz
Falge i in. (2002) uwazaja, ze zwiazek migdzy oddychaniem
gleby a temperaturg najlepiej opisuje rownanie krzywej Ar-
rheniusa. Natomiast Tufekcioglu i Kucuk (2004) traktuja t¢
zaleznos$¢ jako prostoliniowa. Zdaniem autora tego artykutu
zaleznos¢ respiracji gleby od temperatury powietrza jest dos¢
dobrze opisywana przez rownanie ekspotencjalne w okresie
spadku warto$ci oddychania gleby (od czerwca do marca)
a rdwnanie liniowe — w czasie, kiedy respiracja rosnie (od
marca do czerwca). Zblizony ksztatt przebiegu wielkosci
emisji CO, z gleby i zjawisko histerezy, ale w cyklu dobo-
wym, zauwazyli Parkin i Kaspar (2003). W okresie wzrostu
temperatury mi¢dzy godzing 6 a 12 oddychanie gleby bardzo
szybko ro$nie, ok. godziny 13 stabilizuje si¢ mimo dalszych
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wzrostow temperatury, a wyktadniczy ksztalt zaleznosci mig-
dzy emisjg CO, z gleby a temperaturg wystepuje tylko w cza-
sie spadku respiracji.

Badania bg¢dace przedmiotem niniejszego artykutu wska-
zuja rowniez, ze oddychanie gleby jest najlepiej skorelowane
z temperaturg w okresie jej wzrostu. Nieco odmienne wyni-
ki uzyskali Moncrieff i Fang (1999), zdaniem ktérych czu-
10$¢ respiracji na zmiany temperatury gleby najwicksza jest
wprawdzie latem, jednak wielko$¢ emisji CO, z gleby jest sil-
niej zdeterminowana przez temperatur¢ wiosng niz jesienia.

Zagadnienie czasu reakcji oddychania gleby na zmiany tem-
peratury i wilgotnosci wzglednej atmosfery bylo dotychczas
niemal nie badane. Nalezy je ttumaczy¢ zapewne tym, ze musi
uplyngé pewien przedziat czasowy, aby liczebno$¢ populacji
mikroorganizmow glebowych ulegla zmianie na skutek popra-
wy lub pogorszenia warunkéw $rodowiskowych. Zauwazone
w badaniach prowadzonych przez autora 3-dniowe opoznienie
odpowiada 2-8 dniowej periodycznosci wielkosci emisji CO,
zauwazonej na obszarze tundry (Zimov et al. 1993), rdwniez
zwigzanej z cyklem zyciowym mikroorganizmow.

W przypadku zaleznosci oddychania gleby od wysokos$ci
opaddéw 17-18 dniowe opdznienie wynika natomiast prawdo-
podobnie z tego, ze ksztatt przebiegu tych srednich dos¢ dobrze
opisuje ksztalt przebiegu wilgotnosci gleby, ktora bezposred-
nio wplywa na liczebno$¢ mikroorganizmow glebowych.

Jak dotad nie probowano modelowac zjawiska respiracji
gleby, dzielgc okres zmiennosci wielkosci emisji CO, na po-
dokresy. Proba dokonania przez autora, pomimo lepszego od-
zwierciedlenia ksztattu przebiegu oddychania gleby w maju
i na poczatku czerwca, nie poprawita jednak znaczaco mo-
delu. Problemem jest tez znalezienie wtasciwej formuly na
obliczanie respiracji gleby zimg. Wigkszo$¢ badaczy pomija
ten okres, rozpoczynajac badania wiosng a konczac jesienia.
Wykorzystanie modelu wyktadniczego dla catego okresu
zmiennosci oddychania gleby moze by¢ przydatne w przy-
padku szacowania wielko$ci wyemitowanego CO, w catym
roku, jednak nie odzwierciedla dynamiki zmian, gdy okres
ZiImowy rozpatrywany jest osobno.

5. Podsumowanie

Z powyzszych badan wynikaja nast¢pujace wnioski:

1. W okresie od ok. 10 marca do ok. 10 czerwca respiracja
gleby rosnie liniowo wraz ze wzrostem temperatury.

2. W okresie spadku respiracji (od ok. 10 czerwca do ok.
10 marca) zalezno$¢ oddychania gleby od temperatury po-
wietrza przyjmuje ksztatt krzywej wyktadnicze;.

3. Respiracja gleby odpowiada z ok. 3-dniowym opdznie-
niem na zmiany temperatury, 3-dniowym opo6znieniem — na
zmiany wilgotnosci wzglednej i ok. 17-dniowym opoznie-
niem na zmiany wysoko$ci opadow.

4. Podzielenie okresu zmiennosci respiracji gleby na okres
wzrostu i spadku oraz modelowanie oddychania gleby w kaz-
dym z tych okresow osobno nie poprawia znaczaco jakosSci
wygenerowanych serii warto$ci teoretycznych respiracji.

Badania przeprowadzone przez autora wskazujg rowniez
na bardzo niewielkg wiedze na temat determinant oddycha-

nia gleby w okresie zimowym. Przyszte badania powinny si¢
skupia¢ m.in. na tym zagadnieniu.
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Abstract. Soil respiration was measured on rusty soil in a dry forest near £.6dz. A two-year series of soil respiration measurements
was divided into characteristic sub-periods, and the relationship between soil CO, emissions to selected aspects of climatic conditions
was examined. The temperature dependence of soil CO, fluxes is linear from March to June and exponential during the period of June
to March. Dividing the year into a phase of growth and a phase of decline and modelling soil respiration for each of these sub-periods
separately does not significantly improve the accuracy of the model. Research shows that soil respiration responds with a delay of
three days to changes in temperature and relative humidity, but with a 17-day delay to changes in precipitation.

Keywords: soil respiration, carbon dioxide, temperature, hysteresis

1. Introduction

In modelling the process of soil respiration (soil CO,
emissions), it is almost universally accepted that an expo-
nential equation best describes the dependence between the
amount of soil CO, emissions and temperature (of soil and
air) (Borken et al., 1999; Rochette et al., 1999; Kutsch et
al., 2001; Tang et al. 2003, 2005; Zhaofu et al. 2005). In
addition to temperature, soil respiration models also take
into account moisture levels (amount of moisture in the
soil or amount of precipitation) (Savage, Davidson 2003;
Tufekcioglu, Kucuk 2004; Tang et al. 2005). The formulas
for calculating soil CO, emissions vary among different
authors, but these two characteristics are repeatedly found
in almost all models. If they relate to an entire year, very
good results are achieved.

Sometimes other factors are also taken into account,
such as carbon content (Kutsch et al. 2001; Rodeghiero and
Cascatti 2005), maximum leaf area index (Doran et al. 1990;
Reichstein et al., 2003), pH (Reth et al. 2004), type of land
use (Ardo, Olsson 2003), etc.

Meanwhile, more accurate analyses of changes in soil
CO, emissions under different conditions show that a
single formula is insufficient to describe soil respiration
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for shorter periods of time. For example, Updegraff et al.
(1998) (in a laboratory experiment) obtained different re-
gression equations of respiration on temperature with an
identical change in temperature depending on whether first
generating an increase (from 6° C to 30° C), and then a
drop (from 30° C to 6° C), or vice versa. In turn, Moore
(1989) noted that in analysing the influence of the depth of
groundwater on soil respiration, historical changes in this
determinant should also be taken into account because the
amount of CO, emissions differed at the same depth de-
pending on whether the soil had been saturated with water
and then dried, or whether the moisture content of the soil
was increasing.

Another phenomenon worth examining is to determine
the speed with which soil respiration responds to chan-
ges. Factors affecting the size of the population of soil
microorganisms, mainly responsible for soil CO, emis-
sions, i.e., temperature and moisture, are taken into acco-
unt in soil respiration models, but a response in the size
of this population to changes in these parameters may be
delayed to a certain degree. So far, this issue has been
studied by Wronski (2013, 2014) over an entire year, and
Wronski and Okupny (2012) during the period of respira-
tion growth in spring.
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The purpose of this article was to investigate:

1) the form of the dependence between soil respiration
and temperature (linear or exponential) for specific phases
of change in soil respiration during the year,

2) whether the ‘response’of soil respiration to changes in
air temperature, relative humidity and amount of precipita-
tion is immediate or delayed,

3) whether dividing the entire period of soil respiration
change into subperiods and modeling soil respiration for
each of these subperiods increases the quality of the genera-
ted series of theoretical values of respiration.

2. Methodology

Measurements of soil CO, emissions were carried out using
a closed chamber, which was 23 x 23 cm in size at a he-
ight of 6 cm. The lower part of the chamber was a steel
frame driven into the ground, the upper part was a Plexi-
glas cloche. Placed inside was an Airtech vento carbon
dioxide meter, manufactured by Gazex, which used the
NDIR (Non-Dispersive Infrared) method, allowing CO,
measurements to be taken at two points in time: 5 minutes
and 10 minutes after closing the chamber. The difference
in concentrations between the later and the earlier readings
was converted to the volume of emitted CO, at a given time
using the following formula:

Moy 273 DX *Vyy,
T-P-t

R =

Vmolnorm

where:
M,  —molar mass of CO,,
— the molar volume of air under standard conditions

mol norm
[
mol |’
AX — the difference in meter readings from the beginning to
the end of the measurement,
Vo™ the volume of air in the chamber (chamber volume
minus the volume of the meter) [m°],
T — temperature [K],
P — area used by the steel frame [m?],
t — duration of the measurement [/].

CO, emissions were measured at irregular intervals, not
longer than seven days, depending on changes in the we-
ather. The measurements were started in March 2010 and
ended in March 2012. To determine whether intact or poorly
distributed needles and leaves lying on the soil surface
affect CO, emissions, measurements were carried out at two
types of sites: soil from which all leaf litter was removed
and soil on which the litter was left in place.

Measurement sites were located in a planted pine forest,

which can be classified as dry pine habitat. The area is lo-
cated east of the Olechow district and south of the village
of Nery (52°44°36” N, 19°34°57” E, 223 m asl) within the
administrative boundaries of £.6dz. It is a region where three
Wartanian glacial lobes met (Turkowska 2006). The water
which flowed from these lobes carried a large amount of flu-
vioglacial sediments to the area (Klatkowa 1972; Trzmiel,
Nowacki 1985, 1987), forming, therefore, favorable condi-
tions for the emergence of a very acidic rusty soil profile
(H,0 pH= 4.0, KCI pH=3.5) with a mor type of humus. Sand
fraction dominates throughout the soil profile, and texture
class of its upper section—the part of soil most affecting
the amount of respiration, is loamy sands.

In the statistical analyses, two aspects of the relationship
between air temperature and respiration were considered:
(1) the result of short-term changes, and (2) the result of
seasonal variation.

In the first case, the linear correlation coefficients between
filtered series of soil respiration and air temperature were
calculated. Filtration was based on subtracting moving ave-
rage values from the observed values. The occurrence of a
delayed reaction in soil respiration in response to changes in
air temperature was also tested by calculating the correlation
between the filtered series of respiration and filtered series of
average temperature of 1, 2, 3, ..., 10 days. The average tem-
perature values were calculated so that the last day of a series
was the day of measuring soil respiration, i.e., the calculation
of a three-day average temperature included the day of the
respiration measurement and the preceding two days.

In the second case (seasonal variation), the correlation
was calculated between (1) the temperature of the number
of days for which the strongest correlation was observed
with short term variability, and (2) soil respiration and the
natural logarithm of soil respiration. On the basis of the
correlation coefficient calculated in such a manner, I deter-
mined whether the relationship between the variables was
linear or exponential for the considered periods. During
seasonal variation, the reaction time of soil respiration to
temperature change was not tested, because the properties
of the correlation coefficient are such that when the cu-
rves of temperature and respiration do not exactly agree, a
higher correlation is attained when the temperature curve
is smoother (that is, the correlation values increase when
number of days taken into account in moving average tem-
perature increase regardless of the nature of the relation-
ship). It was assumed a priori that in the case of seasonal
variation, the strongest relationship to CO, emission occu-
rs for the average air temperature of the same number of
days as in the case of short-term variation.

For periods in which a significant correlation between
respiration and temperature was observed, the strength of
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the dependence and the size of the delayed reaction of soil
respiration to changes in relative humidity and amount of
rainfall were measured. This was done by calculating the
linear correlation coefficient between the residuals of the
soil respiration model based on temperature values (i.c.,
the observed variance between soil respiration and the soil
respiration model, resulting from the distribution of tem-
peratures), and, respectively: the relative humidity of the
atmosphere (the daily average and the average of 2, 3 , ...,
10 days) and amount of precipitation (daily and the avera-
ge value of 2, 3, ..., 20 days). If, however, the relationship
between soil respiration and temperature was exponential,
the correlation with the relative humidity of the atmosphere
or amount of precipitation was calculated for the residuals
from the model of the natural logarithm (In) of respiration,
and not from the model of respiration.

The respiration model was developed using as the in-
dependent variables of temperature and the parameter of
humidity (relative humidity of the atmosphere or amount
of precipitation) which have the stronger correlation to
soil respiration (more precisely, to deviations of actual
respiration from theoretical respiration resulting from the
distribution of temperatures). The value of the delay in
the response of soil respiration to changes in these cli-
matic elements was also taken into account. If during the
given period, the relationship of soil respiration to tempe-
rature was linear, estimates were made using the multiple
regression. However, if this relationship was exponential,
the quasi-Newton method of estimation was used to de-
termine the model.

Soil respiration [mg CO, m?h™]

A
A
WAV V VEVIEVIEDX X XEXIE T 11V vV VIEVIEVIEEX X XEXH L 1
2010 ‘ 2011 2012

—— CO, efflux from litter-free soil

----- CO, efflux from soil with litter

Figure 1. Soil respiration at the study sites and sub-periods (A, B,
C and D) of soil respiration

3. Results

Four distinct periods were revealed by the graphed course
of soil respiration (Fig. 1). Period A is a time of increasing
CO, emissions. It usually begins about March 10, after the
snow cover melts. It lasts until the end of May or beginning
of June, when period B begins with a significant decrease in
soil respiration. In period B, the high temperatures should
stimulate soil CO, emissions but light rains usually occur,
reducing soil respiration (Wronski 2013). Period C begins in
July. Initially, the value of CO, emissions is very high, but
over time, it systematically declines. The only exception is
when tree leaves and needles are falling on the soil surface
and begin to intensively decay, which causes respiration to
rise again. Period D was distinguished due to the presence of
snow cover (although snowless sub-periods can also occur
during this time).

The correlation analysis of short-term changes (Table 1)
showed that the strongest relationships to soil respiration
usually occur with average daily temperature or average air
temperatures of three days. For periods A and D, soil respi-
ration was most strongly correlated with average 3-day tem-
peratures; for periods B and A+B — with the average daily
temperature; whereas at other times: for sites without leaf
litter — with average 3-day temperature; while at sites with
leaf litter — with average daily temperature.

It is worth noting that the observed correlations were
relatively strong during periods of increasing respiration
(period A) and stagnation of emitted CO, amounts (period
B), but weak at times of decreasing soil respiration (pe-
riods C and D).

It is surprising that for the entire first year of the study
(period A+B+C+D), temperature was more strongly corre-
lated with soil respiration than the natural logarithm In of
respiration (Table 2), which is evidence of a linear type of
relationship between these variables rather than exponen-
tial, as presumed by most authors. This result may have
been the effect of the relatively low rainfall in the early
summer of 2010, which is the time when soil respiration
reaches its highest levels. A smaller amount of water may
have reduced soil CO, emissions when temperatures were
at their highest, which modified the shape of the relation-
ship. In the first year of the study, correlation coefficients
with soil respiration (indicating a linear regression) had
the greatest advantage over the correlation coefficients of
the natural logarithm In of soil respiration (indicating an
exponential dependence) for periods A and A+B — which
are times of increasing soil respiration. During periods of
decline (periods C, D, B+C), the value of both types of
correlation coefficients was similar. The aforementioned
sparse rainfall at the beginning of that summer may have
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Table 1. Correlation coefficients between (1) filtered series of soil respiration and (2) filtered series of average temperature of 1 day, 2 days,
..., 10 days. Filtration consisted of subtracting the moving average temperature of 31 days from the observed temperature values.

Type of Temperature average from:
Year Period research
point lday 2days 3days 4days Sdays 6days 7days 8days 9days 10 days
litter free 0.425 0.578 0.657 0.648 0.606 0.602 0.599 0.578 0.539  0.534
A with litter 0.622 0.743 0.794 0.775 0.725 0.699 0.667 0.630 0.585  0.584
litter free 0.763 0.722 0.701 0.682 0.670 0.645 0.570 0.544 0.567  0.537
. with litter 0.818 0.793 0.755 0.770 0.828 0.864 0.837 0.803 0.760  0.681
litter free 0.569 0.617 0.596 0.533 0.441 0.339 0.298 0.268 0.240  0.201
¢ with litter 0.759 0.699 0.661 0.633 0.576 0.505 0.467 0.404 0342  0.271
litter free 0.059 0.038 0.149 0.131 0.099 0.082 0.100 0.127 0.160  0.179
b with litter 0.471 0.426 0.442 0.393 0.353 0.303 0.251 0.201 0.157  0.099
§ AB litter free 0.426 0.523 0.583 0.583 0.568 0.576 0.568 0.546 0.521 0.500
— with litter 0.543 0.614 0.641 0.651 0.662 0.682 0.665 0.623 0.571 0.540
litter free 0.561 0.590 0.576 0.536 0.477 0.402 0.359 0.329 0308  0.272
Bre with litter 0.666 0.628 0.596 0.596 0.598 0.582 0.546 0.485 0423  0.356
litter free 0.364 0.383 0.384 0.337 0.285 0.238 0.228 0.218 0212 0.195
b with litter 0.591 0.540 0.516 0.482 0.449 0.411 0.387 0.342 0.302  0.249
litter free 0.391 0.402 0.402 0.362 0.319 0.280 0.264 0.250 0.245  0.227
e with litter 0.544 0.505 0.480 0.461 0.453 0.445 0.423 0.375 0332  0.281
litter free 0.360 0.406 0.427 0.391 0.344 0.312 0.301 0.283 0.266  0.243
A+B+C+D
with litter 0.522 0.524 0.520 0.499 0.476 0.464 0.443 0.394 0342 0.291
litter free 0.688 0.658 0.635 0.636 0.614 0.568 0.548 0.493 0.438  0.383
A with litter 0.445 0.394 0.422 0.471 0.500 0.489 0.470 0.472 0.489  0.503
litter free 0.752 0.514 0.342 0.246 0.183 0.178 0.205 0.355 0.443  0.390
. with litter 0.628 0.475 0.365 0.244 0.116 0.003  -0.044  0.107 0.198  0.168
litter free 0.154 0.256 0.369 0.365 0.343 0.304 0.234 0.196 0.141 0.083
g ¢ with litter 0.262 0.262 0.262 0.205 0.171 0.120 0.078 0.080 0.046  0.010
?: litter free 0.478 0.551 0.567 0.545 0.440 0.325 0.252 0.225 0202  0.178
P with litter 0.554 0.652 0.668 0.644 0.568 0.495 0.448 0.439 0.418  0.387
litter free 0.679 0.595 0.527 0.492 0.456 0.416 0.405 0.383 0352 0.282
AT with litter 0.438 0.351 0.316 0.292 0.256 0.210 0.185 0.215 0237  0.218
Bic litter free 0.280 0.327 0.394 0.383 0.369 0.354 0.310 0.292 0.254  0.195

with litter 0.371 0.352 0.338 0.286 0.255 0.216 0.190 0.209 0.188 0.146
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Type of Temperature average from:
Year Period research
point lday 2days 3days 4days Sdays 6days 7days 8days 9days 10 days
litter free 0.169 0.247 0.333 0.331 0.304 0.259 0.194 0.160 0.118 0.077
C+D
with litter 0.246 0.251 0.252 0.207 0.175 0.129 0.094 0.096 0.072 0.047
g litter free 0.262 0.302 0.359 0.351 0.330 0.301 0.253 0.232 0.200 0.155
> B+C+D
IS with litter 0.330 0.319 0.314 0.272 0.241 0.201 0.175 0.186 0.168 0.135
litter free 0.242 0.284 0.340 0.329 0.307 0.279 0.235 0.213 0.178 0.133
A+B+C+D
with litter 0.307 0.298 0.289 0.240 0.208 0.170 0.149 0.160 0.140 0.108
litter free 0.564 0.619 0.638 0.633 0.602 0.573 0.562 0.525 0.480 0.449
A
with litter 0.526 0.550 0.580 0.593 0.584 0.568 0.547 0.536 0.529 0.536
litter free 0.747 0.607 0.515 0.452 0.412 0.406 0.384 0.437 0.485 0.434
B
with litter 0.678 0.583 0.511 0.448 0.396 0.364 0.333 0.390 0.408 0.349
i litter free 0.332 0.412 0.465 0.434 0.382 0.318 0.260 0.226 0.184 0.136
C
§ with litter 0.388 0.370 0.358 0.309 0.270 0.217 0.179 0.164 0.127  0.084
litter free 0.221 0.232 0.296 0.269 0.211 0.164 0.151 0.158 0.168 0.171
D
with litter 0.504 0.513 0.523 0.477 0.424 0.371 0.325 0.293 0.258 0.209
litter free 0.567 0.565 0.552 0.531 0.503 0.485 0.478 0.459 0.432 0.384
A+B
with litter 0.479 0.454 0.442 0.427 0.407 0.389 0.373 0.379 0.374 0.349
litter free 0.403 0.444 0.473 0.448 0.415 0.374 0.330 0.307 0.277 0.229
B+C
with litter 0.458 0.434 0.415 0.382 0.362 0.333 0.307 0.297 0.264 0.215
§ litter free 0.261 0.310 0.352 0.326 0.288 0.243 0.208 0.186 0.164 0.137
o C+D
2 with litter 0.341 0.327 0.319 0.282 0.253 0.216 0.188 0.175 0.150 0.119
E’ litter free 0.319 0.344 0.372 0.347 0.316 0.281 0.251 0.233 0.214 0.184
= B+C+D
g with litter 0.392 0.370 0.357 0.326 0.307 0.281 0.258 0.245 0.218 0.180
litter free 0.358 0.393 0.419 0.397 0.363 0.329 0.302 0.273 0.242 0.205
A+B+C+D
with litter 0.396 0.385 0.383 0.360 0.341 0.317 0.294 0.276 0.244 0.207

Statistically significant values (at significance level a = 0.05) are indicated with bold numerals

A, B, C, D as in Figure 1

affected the higher correlation with soil respiration com-
pared to the correlation with the natural logarithm In for
respiration during periods C+D and B+C+D.

In the second year of the study, values of the two types of
correlation coefficients were similar for periods A, B, A+B.
On the other hand, a clear exponential dependence was

found between soil respiration and temperature for periods
C, D, and especially C+D and B+C+D.

Over the whole period under discussion, a linear type
of relationship was evident for periods A and A+B (when
respiration increased), but it was exponential for periods
C, D, B+C, C+D, and B+C+D (times of decreasing respi-
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Table 2. Correlation coefficients between (1) soil respiration and the natural logarithm of soil respiration and (2) average daily temperature

or average temperature of 3 days
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1 year 2" year Both years
Y Y Y Number of days
Period Type of research point Relationship of averaging
temperature
linear expo-tential linear expo-tential linear expo-tential
litter free 0.878 0.819 0.914 0.880 0.891 0.838 3
A
with litter 0.911 0.788 0.854 0.866 0.869 0.791 3
litter free 0.498 0.438 0.730 0.731 0.464 0.421 1
B
with litter 0.638 0.608 0.398 0.393 0.302 0.278 1
litter free 0.863 0.821 0.736 0.758 0.757 0.755 3
C
with litter 0.890 0.880 0.555 0.663 0.596 0.685 1
litter free -0.203 -0.119 0.714 0.731 0.123 0.187 3
D
with litter -0.102 -0.089 0.786 0.847 -0.102 0.268 3
litter free 0.703 0.644 0.903 0.877 0.801 0.755 1
A+B
with litter 0.682 0.576 0.760 0.840 0.705 0.686 1
litter free 0.760 0.746 0.743 0.768 0.729 0.741 3
B+C
with litter 0.701 0.709 0.557 0.679 0.548 0.657 1
litter free 0.875 0.798 0.774 0.841 0.813 0.819 3
C+D
with litter 0.882 0.783 0.555 0.791 0.704 0.790 1
litter free 0.861 0.803 0.785 0.849 0.811 0.824 3
B+C+D
with litter 0.836 0.775 0.557 0.802 0.684 0.789 1
litter free 0.824 0.786 0.779 0.846 0.803 0.814 3
A+B+C+D
with litter 0.794 0.708 0.543 0.797 0.681 0.753 1

Statistically significant values (at significance level a = 0.05) are indicated with bold

numerals A, B, C, D as in Figure 1

ration). Both types of correlation coefficient were similar
during period B.

Because the correlation with temperature was most often
not statistically significant for periods B and D, I examined
whether another climatic factor may have had a stronger
effect on the amount of soil respiration in these periods (B
and D). The analysis was performed in the same manner as
was done to determine the dependence between respiration
and temperature. However, both atmospheric relative hu-
midity (Table 3), and the amount of precipitation (Table 4),
had a not significant effect on the short-term variability of
soil respiration. In the case of seasonal variation (Table 5),

a significant correlation in both years was found only for
relative humidity (9-day average), but at correlation coeffi-
cient values of 0.50-0.70 describe only 0.25-0.49% of the
variability of soil respiration and this was not suitable to
CO, emission model.

Given this situation, the most reasonable solution for
the purpose of modelling was to divide the entire pe-
riod of respiration variance into two sub-periods: A and
B+C+D or A+B and C+D (Fig. 2). Because higher cor-
relation coefficients were obtained for the first of these
possibilities (Table 2), it was used in later stages of the
work. I checked whether distinguishing period A, which
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Table 3. Correlation coefficients between (1) filtered series of soil respiration and (2) filtered series of average relative humidity of 1 day,

2 days, ..., 10 days. Filtration consisted of subtracting the moving averages of the temperature of 31 days from observed temperature
values.
Number Average relative moisture from:
of days of Type of
Period  Year . research 10
averaging point lday 2days 3days 4days 5days 6days 7days 8days 9 days d
temperature ays
3 litter free  -0.172 -0.234 -0.139 -0.130 -0.069 -0.273 -0.357 -0.494 -0.561 -0.591
I*tyear
3 with litter ~ -0.229 -0.485 -0.378 -0.374 -0.343 -0.582 -0.698 -0.758 -0.800 -0.793
3 litter free 0.100  0.096 -0.024 -0.059 -0.037 -0.029 -0.016 0.002 0.015 0.046
B 2nyear
3 with litter ~ -0.044  0.028 -0.035 -0.025 -0.054 -0.077 -0.082 -0.063 -0.046 -0.015
both 3 litter free  -0.335 -0.223 -0.179 -0.124 0.059 0.056 0.134 0.097 0.075 0.064
years 3 with litter ~ -0.170 -0.109 -0.089 -0.034 0.132 0.136 0.205 0.182 0.220 0.229
3 litter free 0.100  0.096 -0.024 -0.059 -0.037 -0.029 -0.016 0.002 0.015 0.046
Istyear
1 with litter ~ -0.044  0.028 -0.035 -0.025 -0.054 -0.077 -0.082 -0.063 -0.046 -0.015
3 litter free  -0.004 0.163  0.219 0.290 0.275 0.144 0.050 0.039 0.043  0.089
D  2vyear
1 with litter 0.064 0308 0.330 0417 0379 0295 0.218 0.237 0269 0.343
both 3 litter free 0.063 0.109 0.055 0.055 0.067 0.031 0.007 0.015 0.024 0.061
years 1 with litter ~ -0.005 0.120 0.100 0.131 0.099 0.057 0.024 0.046 0.072 0.128

Statistically significant values (at significance level a = 0.05) are indicated with bold

numerals B, D as in Figure 1

has a linear increase of CO, with temperature, and period
B+C+D, when CO, respiration decreases exponentially,
improves the quality of the soil respiration models in re-
lationship to time.

It should be noted, however, that the potential model
could provide better results if a satisfactory formula for the
calculation of soil respiration in winter could be found in
the future. However, most likely it will take into account
neither weather conditions nor even the physical proces-
ses of the soil, but its biological processes. The research of
Zimov et al. (1993) found that the high variability of CO,
flow in this period is accompanied by relatively stable phy-
sical parameters. Figure 2 shows how changes occur in the
relationship of soil respiration to average 3-day temperatu-
res over a year, divided into these three periods (A, B+C and
D). While respiration increases quite rapidly with increasing
temperatures in period A, the decrease in respiration during
period B+C is gradual, especially in late autumn. It is impos-
sible, therefore, to formulate a single equation to calculate
the amount of CO, emissions based on temperature, but the

configurations of this variable over time result in a graph
presenting a quasi-hysteresis loop.

Air temperature served as the basis for the model. In ad-
dition to temperature, the most important factor affecting
the amount of soil respiration is moisture, which is why the
model was supplemented with the relative humidity of the
atmosphere or the amount of precipitation. An approxima-
tely 3-day delay was confirmed in the response of soil re-
spiration to changes in relative humidity (in both periods A
and B+C+D, as well as in the entire year) (Table 6). The
delay is greater in the relationship of soil respiration to level
of precipitation, usually ranging approximately 17—18 days
in periods B+C+D and the entire year. In the second year of
the study, soil respiration reacted more quickly in period A,
amounting to 7-8 days (Table 7).

It was also noted that soil respiration (more precisely,
the deviations of soil respiration from theoretical respi-
ration, resulting from the temperature distribution) had a
stronger relationship to the amount of precipitation than
to the relative humidity of the atmosphere. An exception



136

K.T. Wronski / Lesne Prace Badawcze, 2015, Vol. 76 (2): 129-143

Table 4. Correlation coefficient between (1) filtrem series of soil respiration and (2) filtred series of average 1-daily. 2-daily. .... 10-daily
precipitation. Filtration consisted in substraction moving average 31-daily temperature from observed values of temperature.

. Number Type of Average precipitation from:
Period of days of
Year . research 10
averaging point lday 2days 3days 4days 5days 6days 7days 8days 9 days
temperatur days
3 litter free ~ -0.096 -0.281 -0.230 -0.366 -0.418 -0.563 -0.580 -0.616 -0.608 -0.726
1%year
3 with litter 0.202 -0.003 -0.097 -0.164 -0.216 -0.448 -0.558 -0.571 -0.550 -0.635
3 litter free ~ -0.268  0.017 0.321 0.160 0.137 0.152 0.146 0.095 0.187 0.228
B 2nyear
3 with litter 0.348 0.627 0597 0.196 0.189 0.166 0.129 0.116 0.014 0.022
both 3 litter free ~ -0.291 -0.249 -0.322 -0.311 -0.111 -0.116 0.125 0.145 0.164 0.087
years 3 with litter ~ -0.217 -0.172 -0.258 -0.258 0.037 0.018 0.221 0.233 0.240 0.179
3 litter free ~ -0.268 0.017 0.321 0.160 0.137 0.152 0.146 0.095 0.187 0.228
1%year
1 with litter 0.348 0.627 0.597 0.196 0.189 0.166 0.129 0.116 0.014 0.022
3 litter free 0.112 0239 0211 0349 0406 0.119 -0.017 -0.058 -0.056 0.020
D 2 year
1 with litter 0.162 0.107 0.095 0.289 0.330 0.166 -0.002 0.066 0.008 0.044
both 3 litter free  -0.103  0.086 0.266 0215 0.204 0.137 0.095 0.048 0.103 0.146
years 1 with litter 0.265 0.450 0374 0.220 0.221 0.165 0.091 0.101 0.015 0.035

Statistically significant values (at significance level a = 0.05) are indicated with bold

numerals B. D as in Figure 1

Table 5. Correlation coefficients between (1) soil respiration and (2) average 9-daily relative moisture and average 3-daily precipitation

Average 9-daily relative moisture

Average 3-daily precipitation

Period Type of research point
1styear 2nyear both years 1styear 2Myear both years
litter free 0.131 0.196 0.215 0.299 -0.312 0.007
? with litter -0.122 0.679 0.495 0.360 0.023 0.234
litter free 0.500 0.617 0.527 0.558 0.164 0.405
b with litter 0.510 0.687 0.510 0.706 0.144 0.706

Statistically significant values (at significance level a = 0.05) are indicated with bold

numerals B. D as in Figure 1

to this rule was noted for period A only in the first year of
the study.

As a result of the above analysis, the average tempe-
rature of 3 days and the average precipitation of 17 days
were adopted as the independent variables for the model.
Although a better fit was obtained with average daily tem-
perature and average precipitation of 5, 7, 8, 18 days in

some periods, the differences in the strength of the corre-
lation with soil respiration (or with the deviations of soil
respiration from theoretical respiration resulting from the
temperature distribution in the case of amount of precipi-
tation) are not large. It was therefore accepted that for pe-
riod A, the relationship of soil respiration to temperature is
described by a linear equation, while in period B+C+D, by
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exponential equation. In both sub-periods, it was accepted
that high precipitation limits CO, emissions, so for period
A, the equation describing respiration is:

R=a+bT+cW+dW?

while for period B+C+D, it is:

R=a+ eb+cT+dW+fW2

where: R — the theoretical respirations of the soil for the
given day,

T — average temperature of 3 days,

W — average precipitation of 17 days,

a, b, ¢, d, f— empirical coefficients.

It is assumed that period A starts on March 11 and ends
on June 10, while period B+C+D begins on June 11 and ends
on 10 March. Such a proposed model was compared with
a model for the entire study period, which took into acco-
unt the exponential form of the dependence between CO,
emissions and temperature, as well as the limiting effect of
high precipitation on soil respiration. This model takes the
following form:

R = q + eb+cT+aw+fw?

Dividing the whole period of soil respiration variabili-
ty by the time of its growth (period A) and decrease (pe-
riod B+C+D) in modelling the process of soil respiration
improved the accuracy of the theoretical values of respi-
ration to some extent. This is especially evident for values
from May and early June (Fig. 3). However, the standard
error of the estimate and the coefficients of determination
R? for both considered models are almost identical (Table
8, Fig. 4). This means that including the different shapes
of the dependence of CO, emission amounts in periods
A and B+C+D does not significantly improve the quality
of the respiration model, so the use of a single formula
for the entire period of variability provides satisfactory

results.
_® periodA
_© period B+C
_ period D

Figure 2. Regression curve of soil respiration and average temperature of 3 days
in distinguished periods A and B+C at study sites without leaf litter (a) and with
litter (B) and a schematic diagram presenting how the relationship between soil
respiration and average 3-day temperature changes during the year. A, B, C, D/
as in Figure 1.
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Table 6. Correlation coefficients between (1) average relative humidity of 1 day. 2 days. .... 10 days and (2) residuals of the respiration model
based on average temperature values of 3 days (during period A) and the residuals of the natural logarithm model of respiration based on

average daily or average 3-day temperatures (in periods B+C+D and A+B+C+D)

Average precipitation from:

Number Type of
Period Year  of days of research 10
averaging point lday 2days 3days 4days 5days 6days 7days 8days 9 days days
temperatur

3 litter free 0.556 0.633 0.703 0.652 0.584 0.543 0.507 0.495 0479 0.483

1styear
3 with litter ~ 0.559  0.620 0.749 0.717 0.660 0.607 0.566 0.547 0.537 0.546
3 litter free ~ -0.090 0.047 0.158 0.163 0.154 0.088 0.079 0.046 -0.015 -0.051

A 2Myear
3 with litter ~ 0.105 0229 0.284 0.215 0.136 0.035 0.060 0.056 -0.011 -0.092
both 3 litter free 0.235 0.266 0.318 0307 0.269 0.231 0213 0.194 0.167 0.153
years 3 with litter ~ 0.296 0.316 0.365 0.337 0.285 0.229 0223 0.210 0.183 0.155
3 litter free 0.391 0.451 0462 0430 0398 0376 0345 0.325 0313 0307

1tyear
1 with litter ~ 0.447 0.476 0.485 0.460 0.424 0.396 0.359 0.335 0328 0.330
3 litter free 0.154 0.241 0.266 0.247 0.272 0242 0223 0.186 0.166 0.151

B+C+D  2™year
1 with litter ~ 0.234  0.316 0.300 0.275 0.294 0.274 0.254 0.224 0220 0.211
both 3 litter free 0.289 0.359 0.375 0353 0.348 0.323 0.295 0.268 0.252  0.240
years 1 with litter ~ 0.342  0.397 0.396 0.376 0.369 0.345 0.313 0.287 0.279 0.274
3 litter free 0.408 0.446 0454 0423 0386 0.362 0.325 0304 0.297 0.296

I*tyear
1 with litter ~ 0.424  0.409 0.401 0380 0.341 0.311 0270 0.247 0.247 0.254
3 litter free 0.061 0.175 0225 0.209 0209 0.179 0.165 0.145 0.128 0.114

A+B+C+D 2Myear
1 with litter ~ 0.232 0330 0.343 0320 0.310 0.280 0.266 0.250 0.243 0.229
both 3 litter free 0.243 0.302 0325 0.305 0.286 0.260 0.233 0.214 0.202 0.194
years 1 with litter ~ 0.321 0.346 0.342 0321 0.299 0.269 0.242 0.224 0.220 0.216

Statistically significant values (at significance level a = 0.05) are indicated with bold
numerals A. B. C. D as in Figure 1

4. Discussion

Soil respiration, like any other phenomenon in nature,
defies attempts to be described with simple mathematical
formulas. However, mathematical modelling makes it easier
to predict changes in soil CO, emissions, thus increasing the
need to improve these models.

Exceptions to the exponential shape of the relationship
between soil respiration and temperature has been ob-
served, among others, by Rodeghiero and Cascatti (2005).

According to these authors, soil respiration is lower at the
highest temperatures than would be expected from the
exponential equation due to the decrease in humidity at
high temperatures. Chapman and Thurlow (1996), Fang
and Moncrieff (2001) and Falge et al. (2002) believe that
the relationship between soil respiration and temperature
is best described by the Arrhenius equation. On the other
hand, Tufekcioglu and Kucuk (2004) treat this as a recti-
linear relationship. I believe that the dependence of soil
respiration to air temperature is fairly well described by



K.T. Wronski / Le$ne Prace Badawcze, 2015, Vol. 76 (2): 129-143 139

Table 7. Correlation coefficients between (1) average precipitation of 1 day. 2 days. .... 20 days and (2) residuals of the soil respiration model
based on average temperature values of 3 days (in period A) and residuals of the natural logarithm soil respiration model based on average
1-day or average 3-day temperatures (in periods B+C+D and A+B+C+D)

Number Average precipitation from:

Type of
fd f
Period Year © ays, ° research 10
averaging point lday 2days 3days 4days 5days 6days 7days 8days O days da
temperatur ys
3 litter free 0.325 0.552 0.664 0.680 0.674 0.620 0.592 0.628 0.635 0.604
I*tyear
3 with litter 0269 0.493 0.602 0.653 0.728 0.682 0.648 0.685 0.687 0.656
3 litter free -0.148 0.136  0.303 0.448 0.453 0.482 0.533 0.506 0.466 0.467
A 2 year
3 with litter ~ -0.014 0.425 0.585 0.535 0.445 0416 0.573 0.588 0.528 0.484
both 3 litter free 0.142 0349 0462 0.525 0.529 0.493 0476 0.501 0495 0.461
years 3 with litter 0.132 0379 0473 0484 0.500 0.463 0.477 0511 0.496 0.454
3 litter free -0.020 0.036 0.121 0.223 0.265 0.315 0.306 0312 0358 0.370
1*year
1 with litter 0.197 0.297 0349 0386 0.400 0.426 0.412 0.423 0450 0.460
3 litter free 0.093 0.204 0337 0374 0.403 0.393 0.427 0417 0392 0.383
B+C+D  2™year
1 with litter 0.230 0327 0425 0447 0.482 0.488 0.517 0.530 0.534 0.516
both 3 litter free 0.007 0.117 0.211  0.281 0.316 0.338 0.340 0.332 0.352 0.359
years 1 with litter 0.184 0314 0376 0.401 0.422 0.429 0.426 0.425 0438 0.444
3 litter free 0.040 0.143 0.218 0.291 0.323 0.328 0.309 0.327 0.367 0.371
1year
1 with litter 0.197 0.286 0327 0358 0.370 0.344 0.319 0.350 0.379 0.380
3 litter free 0.030 0.185 0321 0375 0.381 0.387 0.417 0.409 0.384 0.378
A+B+C+D  2Myear
1 with litter 0.206 0359 0454 0460 0.463 0472 0506 0.505 0.507 0.498
both 3 litter free 0.030 0.160 0.252 0316 0.337 0.335 0.327 0.333 0351 0.351
years 1 with litter 0.181 0312 0364 0385 0.389 0.364 0.352 0.367 0.385 0.383
Number Type of Average precipitation from:
. of days of
Period  Year @ craging  oscarh 112 13 14 15 16 17 18 19 20
temperatur point days days days days days days days days days days
3 litter free 0.627 0.649 0.621 0.614 0.678 0.684 0.685 0.688 0.656 0.637
1*year
3 with litter 0.674 0.698 0.703 0.700 0.724 0.720 0.728 0.713 0.647 0.612
3 litter free 0.448 0.498 0.496 0.487 0.484 0.465 0.450 0.438 0.420 0.401
A 2Myear
3 with litter 0.431 0.488 0.489 0.524 0.510 0.430 0.431 0.446 0.437 0.392
both 3 litter free 0.457 0.485 0.473 0.466 0.504 0.506 0.505 0.505 0.477 0.456
years 3 with litter 0.435 0.471 0.486 0.494 0.500 0.475 0.480 0.478 0.443 0.410
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0?32;26; Type of Average precipitation from:
Period — Year @ craging  Teseareh 11 12 13 14 15 16 17 18 19 20
femperatur point days days days days days days days days days days
3 litter free 0.383 0.387 0.394 0.406 0.419 0.447 0474 0.484 0477 0.456
1year
1 with litter 0.507 0.524 0.533 0.539 0.537 0.559 0.580 0.582 0.568 0.547
3 litter free 0.390 0.395 0.407 0.414 0411 0417 0424 0404 0421 0.418
B+C+D  2™year
1 with litter 0.509 0.502 0.525 0.537 0.534 0.527 0.527 0.513 0.519 0.513
both 3 litter free 0.372 0.377 0382 0.394 0403 0423 0.443 0.442 0.442 0.430
years 1 with litter 0.471 0.479 0.488 0.498 0.500 0.510 0.525 0.521 0.513 0.503
3 litter free 0.390 0.402 0.407 0.415 0.432 0456 0475 0.487 0.480 0.460
I*year
1 with litter 0.421 0.442 0.453 0.454 0.457 0469 0.481 0.487 0477 0.461
3 litter free 0.386 0.397 0.405 0.410 0410 0414 0420 0403 0416 0.413
A+B+C+D  2Myear
1 with litter 0.492 0.493 0.516 0.525 0.523 0.511 0.515 0.503 0.511 0.504
both 3 litter free 0.366 0.377 0.381 0.389 0403 0419 0434 0435 0431 0.418
years 1 with litter 0.408 0.420 0.433 0.439 0.444 0.446 0.456 0.455 0.445 0.435

Statistically significant values (at significance level a = 0.05) are indicated with bold

numerals A. B. C. D as in Figure 1

the exponential equation in the period of decreasing re-
spiration (from June to March) and by the linear equation
when respiration is increasing (March to June). Parkin and
Kaspar (2003) noted a similar shape to the course of CO,
soil emissions and the phenomenon of hysteresis, but in a
diurnal cycle. When the temperature rose between 6:00 and
12:00, soil respiration increased very quickly, stabilizing
at approx. 13:00 despite further increases in temperature,
and the exponential shape of the relationship between soil
CO, emissions and temperature occurred only as respira-
tion decreased.

My research also indicated that soil respiration is best
correlated with temperature when it is increasing. Slightly
different results were obtained by Moncrieff and Fang
(1999), who state that the reaction of soil respiration to
changes in temperature is certainly highest in summer, but
soil CO, emissions are more strongly determined by tem-
perature in spring than in autumn.

The problem of soil respiration response time to chan-
ges in temperature and relative humidity has hardly been
studied thus far. This should probably be explained by the
fact that it takes a certain amount of time for the population
of soil microbes to change due to reaction to improving

or deteriorating environmental conditions. The three day
delay observed in this study corresponds to the 2—8 day
periodicity in the amount of CO, emissions found in the
tundra (Zimov et al. 1993), which was also associated with
the life cycle of microorganisms.

In the case of the relationship of soil respiration to amo-
unt of precipitation, a 17-18 day delay is most likely due to
the shape of these averages, which fairly well describes the
changes in soil moisture directly affecting the number of soil
microorganisms.

So far, no attempt has been made to model soil respiration
by dividing the period of variability in the amount of CO,
emissions into sub-periods. Attempts to do so in this study
did not improve the model significantly, despite providing a
better representation of the course of soil respiration in May
and early June. Another problem is finding the right formula
for the calculation of soil respiration in winter. Most resear-
chers omit this period, beginning their studies in spring and
ending in autumn. The use of the exponential model for the
entire period of soil respiration variation may be useful for
estimating the amount of CO, emitted in an entire the year,
but it does not reflect the dynamics of the changes, because
the period of winter is considered separately.
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Table 8. Values of R? and standard error of the estimate for the two

tested models

Soil respiration [mg CO, m?h"]

Teoretical soil respiration [mg CO, m?h

800 :=‘
' Research point Research point
700 ; without litter with litter
H
'
500 ! Model Standard Standard
R? error of R? terror of
estimation estimation
R = a+bT+cW+dW*
in period A 0.83 41.28 0.81 85.33
R = q + ebteT+aw+fw?
in period B+C+D
R = q + ebtcT+aw+fw
in whole research
9 PP s I B o) period 075 4285 073 88.3
IV YV VEVIEVIEDS X XX T 1 v v VEVIEVIEDS X XX 1
2010 2011 | 2012
Explanation: R—theoretical soil respiration of the day; 7—average tempe-
00 rature of 3 days; W—average precipitation of 17 days; a. b. c. d. f—empiri-
p— cal coefficients; A. B. C. D as in Figure 1.
700
500 | i - 5. Conclusions
ni
500 - j?:i.:- - '”‘1-'"'& -
i P The following conclusions can be made from the study
R ho . .
400 y i3l e E presented in this paper:
¥ / E; ; 1. Between approx. March 10 to approx. June 10, soil re-
300 Ha

spiration increases linearly as temperature increases.

2. When respiration decreases (from approx. June 10 to
approx. March 10), the relationship of soil respiration to air
temperature takes the shape of an exponential curve.

IV VVIVIIVIRIX X XEXI T IV V VIVIEVIEX X XI XIIl [

2010

2011 2012

3. Soil respiration responds with a delay of approx. 3

Teoretical soil respiration [mg CO,m?h]

days to temperature changes and relative humidity, and
with a delay of approx. 17 days to changes in amount of
precipitation.

4. Dividing the period of soil respiration variation into
a period of increasing respiration and a period of decre-
asing respiration, as well as modelling soil respiration for
each of these periods alone does not significantly improve
the quality of the generated series of theoretical values of
respiration.

The research carried out by the author also shows that
there is very little knowledge available about the determi-
nants of soil respiration in winter. Future research should
focus also on this issue.

800

700

0 T

Figure 3. Observed soil respiration at the study sites (a) and theoretical
soil respiration values based on the model taking into account a division
between the period of increasing soil respiration and the period of
decreasing soil respiration (b) and a single model for the entire research
period (c)

WV OV VIVIVIX X XX |1V v VIVIVIRE X X1 X 11
2010 2011 | 2012

—— CO, efflux from litter-free soil

----- CO, efflux from soil with litter
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