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ABSTRACT: Daily courses of the actual transpiration of a forest stand were determined by an experimentally verified
mathematical Soil — Vegetation — Atmosphere Transfer model. The results refer to the Norway spruce (Picea abies [L.]
Karst.) monoculture situated in the highest locations of the Beskids Mts. Drought-free transpiration was estimated as a model
simulation run for nonlimiting soil moisture exceeding thelevel of decreased availability of water. Drought-induced reduction
in transpiration was quantified as a difference between actual transpiration and simulated transpiration for moist soil. The
results led to conclusions that dry soil causes a significant reduction in actual evapotranspiration and its components in
comparison with moist soil. Simultaneously, the effect of soil desiccation was compensated by extremely high evaporative
demands of the atmosphere, so that the daily totals of evapotranspiration and its components remained sufficiently high.
The high values of global radiation and saturation deficit in the air favourably influenced the water regime of the analysed

forest stand in the dry period.
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Contemporary research on the energy budget of the
Earth surface in the conditions of a possible climate
change leads to conclusions that the annual sums of net
radiation will slightly increase (WILD et al. 1997; HRvOL
1996). Simultaneously, a decrease in annual sums is also
expected in climatic scenarios (LAPIN, SIPOCZ 1991;
BRAZDIL, ROZNOVSKY et al. 1996) that can be accompa-
nied by intensive soil desiccation in the summer season
(ROZNOVSKY 1998). Though the long term precipitation
mean need not change, the occurrence of extremely dry
periods may affect the stability of forest ecosystems and
cause a loss of their production (CIENCIALA et al. 1998).

Coniferous trees frequently manifest higher values of
canopy conductance for the water vapour transfer in com-
parison with deciduous trees (TAN, BLACK 1976). Conse-
quently, a reduction in transpiration caused by drought
in conifers may have a significant influence on their water
regime. It could be a reason for a relatively great attention
paid in the literature to the problem of transpiration from

the coniferous stands. However, many articles published
until now refer to the geographic regions whose soil and
climatic conditions differ from the situation in the middle
of Europe, so that the generalisation of the results is dif-
ficult or quite impossible. In coherence with this, the pre-
sented paper tries to analyse and quantify the response
of a young spruce forest situated in the highest locations
of the Beskids Mts. to soil drought as it is manifested by
the transpiration of the stand.

MATERIAL AND METHODS

Necessary experimental data were obtained by measure-
ments in and above the Norway spruce young forest from
May 15 to June 12,2000. An experimental site of the inves-
tigated spruce forest is situated in the locality Bily Ktiz,
Czech Republic (¢ = 49°30°17"", A = 18°32728"")
on a mild slope with SW orientation. It is the highest part
of the Moravian-Silesian Beskids Mts., 898—908 m a.s..

The study is a part of Project No. 526/00/0485 of the Grant Agency of the Czech Republic and Project No. 2/7064/20 of the Grant

Agency of the Slovak Republic.
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The above-mentioned experimental site with the conifer-
ous forest vegetation type, tree species Picea abies L.
Karst., and age of 23 years (at the end of the season 2000)
is divided into two parts: Dense Forest with 2,600 trees
per ha and Space Forest with 2,100 trees per ha, each with
a surface 0f 2,500 m? (JANOUS 1995).

According to climatic classification for the Czech Re-
public (QUITT 1971) Bily Kfiz locality is a cold region
(CH 7) where the vegetation season lasts from 120 to 140
days with daily temperature below 10°C, humid and pre-
cipitation abundant. The mean annual air temperature is
4.9°C, April average is 4.5°C, May average is 9.5°C. The
mean annual precipitation total is 1,100 mm. The mean
over the vegetation season is from 600 to 700 mm, April
mean is 116 mm, May mean is 125 mm (MASKOVA,
ROZNOVSKY 1999).

The micrometeorological measurements of the vertical pro-
files of wind speed, air temperature and air humidity were
conducted on a 12 m high tower in and above the spruce
stand at the experimental site Dense Forest. The mean height
of trees in May was 7.92 + 0.06 m and the measurement levels
were: 6,7, 8,9 and 12 m for wind speed, 2, 6, 7,9 and 12 m for
air temperature and air humidity. The measurement levels
were measured from the ground surface. The investigated
parameters were recorded by automatic measuring equip-
ment (data logger — DL3000, sensors of air temperature and
air humidity of model RHA1, and anemometers of model
AN1) completed by the DELTA-T Devices LTD. The mea-
surements were carried out continuously during
24 hours with 10-minute records of data averages.

With the aim to quantify and analyze the mass and en-
ergy transfer between the leaf canopy and the surround-
ing air, a three-layer one-dimensional steady-state Soil —
Vegetation — Atmosphere Transfer model was developed,
tested and designed for simulations of daily courses of
perceivable and latent heat fluxes in the surface layer of
the atmosphere above plant canopies (MATEJKA 1997).
The verification of the model was carried out by help of
experimental data referring to forest stand (MATEJKA et
al. 1999) and field crops (MATEJKA 1995, 1997).

The model to be described here combines and extends
the work of BICHELE et al. (1980), CHOUDHURY and MON-
TEITH (1988), and WALLACE (1995). The soil — vegeta-
tion — atmosphere continuum is divided into three layers,
the tops of which are:

— reference level in the atmosphere,

— effective sink for a momentum within the canopy,

— soil surface.

The idea of the model is based on Darcy’s law, continu-
ity equation and the assumption that the effect of plant
water reserves on transpiration can be neglected. This
leads to a system of three equations as follows:

— Penman-Monteith equation (CHOUDHURY, MON-
TEITH 1988),

— relationship existing between the soil water potential,
leaf water potential and transpiration (BICHELE et al.
1980; MATEJKA, HUZULAK 1995),

— energy budget of the stand (SEEMAN et al. 1979;
ROZNOVSKY, MASKOVA 1996).

The inputs of this model involve hydrophysical parame-
ters of the soil including soil moisture in the root zone, biome-
tric characteristics of the stand and meteorological elements
such as global radiation, wind speed, air temperature and hu-
midity. The outputs of the model provide parameters of the
water regime of the stand and turbulent and latent heat flux
that can be expressed in terms of the amount of evaporated
water as evapotranspiration and its components.

The model gives an opportunity to quantify also the
role of changes in the leaf area index, parameters of the
root system, stomatal resistances, and soil moisture in
the processes of mass and energy exchange between
plant canopies and the atmosphere.

RESULTS AND DISCUSSION

As to the weather conditions, the analysed period of
30 days can be divided into two different parts. At the
beginning and at the end of the period sunny and warm
weather with dry soil and extremely high evaporative de-
mands of the atmosphere prevailed: it was manifested by
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daily maxima of the water saturation deficit in the air ex-
ceeding 20 hPa (Fig. 1). In spite of this, in the middle of the
analysed period there occurred a few cooler cloudy days
with relatively high soil moisture approaching 30% by
volume at the turn of May and June (Fig. 2). The highest
amount of precipitation in the analysed time interval was
registered in late May and early June while the sum of
precipitation for the whole period amounted to 121.4 mm.
But from April 8 to May 17 the sum of precipitation was
only 33.6 mm. The April sum of precipitation was 83 mm,
May sum was 116 mm.

Despite of the relatively high precipitation, soil mois-
ture decreased below 22% by volume, which points to
intensive evapotranspiration.

Using the mathematical model described above, the ac-
tual transpiration, evaporation from the soil, and conse-
quently evapotranspiration were calculated with a time
step of one hour. The values of wind speed, air tempera-

ture and humidity measured at the level of 12 m above the
soil surface served as meteorological inputs to the model.
The daily totals of evapotranspiration and its compo-
nents reached relatively high values, except at the begin-
ning and at the end of the analysed period when the soil
was evidently dry (Fig. 3). The mean daily sum of transpi-
ration was 1.28 mm/day while the maximum amounted to
2.69 mm/day. A little lower values were obtained for evap-
oration from the soil, namely 0.29 mm/day as the mean for
the period and 1.15 mm/day for the maximum. Consequent-
ly, the evapotranspiration determined as the sum of tran-
spiration and evaporation from the soil had the mean value
of 1.57 mm/day and its maximum was 3.84 mm/day. The
mean ratio of soil evaporation to transpiration was 0.32.
This value was affected by the maximum 4.31 that oc-
curred on May 31. It was an overcast day with precipita-
tion, having exceptionally low global radiation that
reduced the opening of stomata. The high stomatal resis-
tance accompanied by low evaporative demands of the
wet air caused a strong decrease in transpiration. Howev-
er, the surface resistance of the moist soil remained low,
which created suitable conditions for evaporation from
the soil. In this situation, evaporation from the soil ex-
ceeded transpiration. Excluding this extreme, the ratio of
evaporation from the soil to transpiration fell to 0.18.

It should be said that the mere data presented in Fig. 1
do not enable to asses the reduction of transpiration
caused by soil draught. The relationship between tran-
spiration and soil moisture is not a suitable tool for this
purpose either because this formal statistical dependence
reflects the fact that the soil is moist usually during rainy
days when transpiration is low as a result of low solar
radiation which determines the energy available for evap-
oration from the forest stand. Therefore transpiration
seems to be illusorily independent of the soil moisture
(Fig. 3).

Taking into account this limitation of statistical methods
in the research of interrelations between the vegetation
and the atmosphere, another approach should be used.
The effect of drought on transpiration can be quantified by
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means of the difference between drought-free transpira-
tion and actual transpiration as it was presented in Fig. 4.
This difference is called a transpiration deficit in the litera-
ture (CIENCIALA et al. 1998). For the estimation of drought-
free transpiration the mathematical model described above
was used again. However, this model simulation was car-
ried out with sufficiently high and constant value of soil
moisture at the model input. All other inputs of the model
remained unchanged. The constant value of soil moisture
characterising a sufficiently moist soil was taken as 35% by
volume, which is the value that doubtless does not limit
transpiration in the given soil conditions.

The results of these model simulations providing the
estimation of drought-free transpiration together with the
daily totals of actual transpiration and its components are
graphically represented in Fig. 5. It is obvious now that
the actual transpiration of the investigated young spruce
forest was significantly reduced by soil drought at the
beginning and at the end of the analysed period. The
mean ratio of actual to drought-free transpiration calcu-
lated for the whole analysed period was 77.2%, but for the
days with low soil moisture it falls below 50%. It means
that the soil drought was able to reduce transpiration to
one half of the drought-free level in a few days. Taking
into account that drought-free transpiration is very close
to potential transpiration, it can be concluded that the
analysed young spruce forest suffered from an intensive
water stress in the first and last four days of the analysed
time interval.

It should be added that evaporation from the soil was
reduced by drought even more. It is proven by the ratio of
actual to drought-free soil evaporation with the mean of
39.5% and minimum only 16.4%. Such a strong reduction
of soil evaporation can be explained by the fact that the
roots of the tree are able to extract water from the whole
root zone but the resistance of a thin surface layer of dry
soil can be extremely high.
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Fig. 4. Evapotranspiration of
the young spruce forest and
its components
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The drought-induced reduction in evapotranspiration also
varies in the wide range where the mean ratio of actual to
drought-free evapotranspiration reached the value of 66.6%,
so that the evapotranspiration was reduced to two thirds.

Similar results referring to Norway spruce were also pre-
sented by CIENCIALA et al. (1998). They found a reduc-
tion in sap flow approaching 10% of drought-free
transpiration in a few individual days. However, it has to
be stressed that these results were obtained in Central
Sweden where the daily maxima of saturation deficit do
not exceed 8 hPa on the days with the most intensive
reduction in sap flow. The mean daily totals of actual tran-
spiration are higher in the Scandinavian climatic condi-
tions, where a higher soil water content is available,
reaching the value of 1.8 mm/day (CIENCIALA et al. 1992).
Hence, the reason for the lower reduction in transpiration
in the Beskids Mts. can be higher evaporative demands
of the atmosphere as are manifested by daily maxima of
the saturation deficit exceeding 20 hPa.

CONCLUSIONS

The transpiration of the investigated young spruce for-
est responses sensitively to changes in the soil moisture.
In coherence with this statement, evapotranspiration and
its components were strongly reduced by a decrease in
soil moisture. The mean reduced actual transpiration in
the analysed period of 30 days was 77% of the drought-
free transpiration. The evaporation from the soil was re-
duced even more.

Despite this significant reduction in transpiration, its
daily sums remained relatively high. It was caused by the
extremely high values of saturation deficit. Hence, the
drought-induced reduction in transpiration in the Beskids
Mts. was partly compensated by the high evaporative
demands of the air which had a positive influence on the
water regime of the young spruce forest.
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Fig. 5. The drought-induced reduction in evapotranspiration and its components
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Vliv piidniho sucha na evapotranspiraci mladé horské smrciny
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ABSTRAKT: Denni chody aktudlni transpirace smrkového porostu byly stanoveny pomoci matematického modelu pieno-
su hmoty a energie v systému puda — rostlinny porost — atmosféra. Ziskané vysledky vychazeji z méfeni ve smrkové mo-
nokultufe (Picea abies [L.] Karst.) nachazejici se ve vrcholovych polohach Moravskoslezskych Beskyd. Dale byla stanovena
transpirace porostu pro vlhkou pudu jako modelova simulace pro vysokou pudni vlhkost, ktera méla hodnoty nad hranici
snizené dostupnosti vody pro porost. Redukce transpirace vlivem sucha byla kvantifikovana jako rozdil mezi aktualni
transpiraci a transpiraci simulovanou pro vlhkou pudu. Ziskané vysledky vedly k zavérim, ze suchd puda zpUsobila vy-
znamné snizeni aktudlni transpirace a jejich slozek v porovnani s pfipadem vlhké piady. Vliv suché pudy byl v§ak soucasné
kompenzovany extrémné vysokymi evaporacnimi pozadavky vzduchu, takze denni thrny evapotranspirace a jejich slozek
zustavaly dosti vysoké. To znamend, ze vysoké hodnoty globalniho zafeni a sytostniho dopliku pfiznivé ovliviiovaly vod-
ni rezim sledovaného porostu v pribéhu suchého obdobi.

Klifova slova: evapotranspirace; transpirace; evaporace; pudni sucho; sytostni dopln€k; smrk ztepily
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Pribeh pocasi v jarnich mésicich roku 2000 byl typicky
vyskytem nizSich srazkovych uhrnd a naopak vétSim
poctem dni bez srazek. Toto pocasi ovlivnilo ristové
podminky i smrkovych porostl ve vyssich nadmoiskych
vyskach. Predkladané vysledky vychazeji z gradien-
tovych méteni ve smrkové monokultute (Picea abies [L.]
Karst.), nachéazejici se ve vrcholovych polohach Morav-
skoslezskych Beskyd v nadmofiské vysce 908 m n. m., se
soutfadnicemi 49°30°10"" severni z. §. a 18°3220"" vychod-
ni z. d. Primérna ro¢ni teplota vzduchu je 4,9 °C, ro¢ni
uhrn srazek je 1 100 mm. V pribéhu obdobi od
8.4.do 17.5.2000 byly zaznamenany srazky ve vysi pouze
33,6 mm. Srazkovy uhrn za duben ¢inil 83 mm, za kvéten
116mm.

Vyhodnoceno bylo nasledné obdobi od 15. 5. do 12. 6.
2000. Pro posouzeni vlivu pidniho sucha na evapotrans-
piraci smrkovych porostl byly vzaty denni chody aktual-
ni transpirace smrkového porostu, stanovené pomoci
matematického modelu pfenosu hmoty a energie v sys-
tému pida —rostlinny porost —atmosféra. Dale byla stano-
vena transpirace porostu pro vlhkou ptidu jako modelova
simulace pro vysokou ptidni vlhkost, ktera méla hodnoty
nad hranici snizené dostupnosti vody pro porost. Re-
dukce transpirace vlivem sucha byla kvantifikovana jako
rozdil mezi aktualni transpiraci a transpiraci simulovanou
pro vlhkou ptdu.

Je nutné zdtiraznit, Ze evaporace z pidy byla omezena
suchem, tj. hlavné suchym povrchem. To mizeme dolozit
pomérem mezi aktudlni evaporaci a evaporaci z vlhké
pudy, ktery mél primérnou hodnotu 39 % a minimum
16,4 %. Silné snizeni ptidni evaporace lze vysvétlit tak, ze
kotfeny stromu jsou schopny cerpat vodu z kofenové
z6ny, ale odpor tenké vrstvy povrchu suché pidy mize
byt extrémné vysoky. Snizeni evapotranspirace zpu-
sobené suchem se 1i$i v Sirokém rozsahu, kdy primérny
pomér mezi aktudlni a simulovanou evapotranspiraci
dosahl hodnoty 66,6 %. Evapotranspirace byla takto

redukovana na dvé tretiny. K podobnym vysledktim dosli
u smrkovych porostti také CIENCIALA et al. (1998). Tito
autofi zjistili v nékolika jednotlivych dnech snizeni vod-
niho provozu dosahujici 10 % transpirace z vlhké puady.
Pro vyuziti tohoto poznatku v nasich podminkach je vSak
tieba pfipomenout, Ze vysledky s nejvétsi redukei vod-
niho provozu byly ziskany v centralnim Svédsku, kde den-
ni maxima sytostniho doplitku nepiekrocila 8 hPa. Ve
skandinavskych klimatickych podminkach se nejvyssi
denni celkové sumy transpirace, a to 1,8 mm, vyskytuji za
vysokeé ptdni vlhkosti. Dlivodem pro mensi sniZeni trans-
pirace v Beskydech muze byt vétsi vysusna schopnost
vzduchu. V dennich maximech dosahuji hodnoty sytost-
niho doplitku v hodnocenych porostech ptes 20 hPa.

Z nasich vysledktl vyplyva, ze transpirace hodno-
cené¢ho mladého smrkového porostu velmi citlivé reaguje
na zmény pudni vlhkosti. V souvislosti s timto poznat-
kem muzeme konstatovat, Ze evapotranspirace a jeji
soucasti byly silné omezeny snizenou pudni vlhkosti.
Primérné snizeni aktualni transpirace v 30dennim ana-
lyzovaném obdobi ¢ini 77 % transpirace z vlhké pudy.
Evaporace z pudy byla suchem redukovana jesté vice.
Ziskané vysledky vedly k zavértm, ze sucha pida zptso-
bila vyznamné snizeni aktualni transpirace a jejich slozek
v porovnani s pfipadem vlhké ptdy.

Zajimavosti je, ze pfes vyrazné snizeni transpirace jeji
denni sumy zlstavaji relativn¢ vysoké. Pfedpokladame,
Ze je to zpusobeno extrémné vysokymi hodnotami sytost-
niho doplnku. Dochazi tak k tomu, Ze redukce transpirace
zpisobena suchem je ¢astecn¢ kompenzovana vysokymi
vysousecimi vlastnostmi vzduchu (vysokym sytostnim
doplnkem), takZe denni uhrny evapotranspirace a jejich
slozek zlistavaly dosti vysoké. To znamend, Ze vysoké
hodnoty globalniho zafeni a sytostniho dopliku ptiznive
ovliviiovaly vodni rezim sledovaného porostu v prubc¢hu
suchého obdobi.
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