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Abstract

KovaLcikova, D., STRELcova, K., DITMAROVA, L. 2012. Measurement of European beech transpi-
ration rate under drought stress. Folia oecol., 39: 36—44.

The paper presents results of a pilot measurement of transpiration rate in European beech plants
under drought stress. The measurement was carried out with “Baby EMS 62 modular sap flow
systems for small stems or branches”. The plants used for measuring the transpiration rate were
4-year-old, the measurements was carried out in the summer 2010. The trees were divided into
two groups: a drought-stressed group and a regularly irrigated (control) group. The simulation of
drought started on July 9 2010, the measurement of sap flow on August 20 2010. In order to find
out the possibility for the transpiration recovery, irrigation was applied after a severe drought ex-
posure on the drought-stressed plants on August 24 2010. Despite expectations, the irrigation did
not influence transpiration of the drought-stressed plants, although the absolute value of the soil
water potential dropped to a minimum. The drought-stressed individuals achieved substantially
lower values of transpiration rate, both before and after irrigation, in comparison with the control
group. Further, dependence between transpiration and meteorological factors was investigated.
The meteorological factors in concern are continually recorded at the mesoclimatic station situ-
ated in the “Borova hora” Arboretum. The values of transpiration rate for the drought-stressed
individuals were less dependent on meteorological factors (relation fitted with a polynomial re-
gression function of the second order) than for the control plants.
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Introduction

In relation to the discussion about the climatic changes,
attention is paid to drought problems and their impact
on forest ecosystems. Shortage of available water in
growing season and presence of harmful meteorologi-
cal events — including long drought periods, are only
some of supposed impacts of climatic changes (Han-
soN and WELTzIN, 2000; LieseBacH, 2002; SuTor et al.,
2004; HouGHToN, 2005; LaPIN and SzEMESOVA, 2009).
In general, drought is defined as condition or time
period with water deficit (NovAk, 2009) in soil, in plants
or in atmosphere (SoBiSEk et al., 1993). If this condition
or time period exceeds limits of the plant’s tolerance,
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the plant is exposed to stress. The stress inhibits normal
functions of plants, which results in reduction of growth
and reproduction (SLovAkovA and MisTrik, 2007). The
occurrence of drought is possible to consider not only
from the meteorological and hydrological point of
view, but also in relation to tree physiology — which
means the direct detection of the water status in plant.
That approach is the most reliable way how to define
the presence of stress influencing the plant.
Transpiration is one of the physiological processes
suitable for serving as tools in detecting drought stress.
It serves an important role in the plant cooling, removal
of excessive turgor and increase in uptake and transport
of mineral nutrients (KmeT, 1998). There have been de-



veloped numerous methods for measuring sap flow in
tree trunks. Much attention is paid to the “trunk heat
balance method* (CErMAK et al., 1973). A modification
of this method is baby sensors (CERMAK et al., 2004),
suitable for measuring sap-flow in branches and trunks
with small diameters (620 mm), produced by EMS
Brno (Fig. 1), described by CErMAK et al. (1984), and
lately by LinproTH et al. (1995).
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Fig. 1. Scheme of an EMS ,,baby sensor* designed for
branches or trunks with a small diameter (CERMAK et al., 2004).

It is also possible to determine transpiration of
plants grown in containers — by means of the gravi-
metric method. In this way, transpiration has been con-
sidered to be the only source of water output, because
of the elimination of soil evaporation (KovaL¢ikovA et
al., 2010). The gravimetrical method is precise, but de-
manding on time and work. These drawbacks can be
eliminated by using scales providing a continual record
of weight changes.

The above mentioned baby sensors show many ad-
vantages, such as easy application, low time consump-
tion and continual record. Another positive feature is
no need for plastic bags used for elimination of soil
evaporation (unlike in gravimetric method where only
packing the lower parts of plants into plastic bags could
exert stress on them).

Rosk et al. (2009) studied the physiological re-
sponse of beech plants of different provenances to
drought stress from the viewpoint of their adaptation
to drought. DitmarovaA et al. (2010) studied influence
of the advance drought on the physiological character-
istics of spruce plants. Rosk et al. (2009), similarly as
DitmarovaA et al. (2010), carried out experiment in con-
ditions of containers. ScHRAML and RENNENBERG (2002)
concerned with response of different beech ecotypes
to drought stress, by observation of their physiological
characteristics. Many authors observed drought effects
on transpiration rate and on physiological parameters
(SaLa and TeENHUNEN, 1996; CienciaLa et al., 1997;
CocHARD et al., 2002; AsLam and TaHIR, 2003).

The attempts for quantitative estimations of the
water use in adult trees, with using data achieved from

plants in containers, were not successful (WuLLs-
CHLEGER et al., 1998). In thickets and in small trees, the
water flow across the main trunk is equivalent to the
crown transpiration. In larger trees, it is possible to ob-
serve a significant delay between the variation in tran-
spiration and the variation in the water flow measured
near the trunk base (ScHULZE et al., 1985). The delay
can take from a few minutes to several hours and, ac-
cording to available information, it is caused by the wa-
ter exchange between the sap flow and the store volume
of the trunk above the point in which the water flow is
measured (WULLSCHLEGER et al., 1998). The trees with
higher store capacity keep their maximal transpiration
rate for a substantially longer part of day than the trees
with lower store capacity (GOLDSTEIN et al., 1998).

Our research aims have been set as follows:
Quantification of transpiration rate reduction [g; g m?]
in drought-stressed beech plants in comparison with
potential transpiration in regularly irrigated plants
Confirmation of dependence of transpiration on me-
teorological variables represented by vapour pres-
sure deficit
Evaluation of the results of the pilot measurement
with sap flow carried out on beech plants with using
the “baby EMS 62 standard system for measuring
branch transpiration or transpiration of trunks with
small diameters”.

o

Material and methods

The object of our research was a group of ten four-year-
old European beech (Fagus sylvatica L.) plants, from
the forest enterprise Benus, provenance of the seed
area Podtatranska (6. vegetation zone). The plants were
transferred into the Arboretum “Borova hora” and co-
vered with a roof for eliminating precipitation. The sap
flow in trunks was measured using a “baby* EMS 62
standard system (Fig. 2, Fig. 3). The transpiration rate
(kg h™'cm™) was recorded at intervals of 10 minutes.
The transpiration rate was calculated based on the tree
circumference [cm], so the values of transpiration rate
were expressed in kg h™'.

Fig. 2. “Baby EMS 62 modular sap flow system
for small stems or branches”.
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Fig. 3. Container experiment with beech plants.

The measurements were carried out during the
summer of 2010. The plants were divided in 2 groups:
drought-stressed plants and regularly irrigated (control)
plants. The simulation of drought started on July 9 2010,
the measurement of sap flow on August 20 2010. To test
the ability to recovery, the drought-stressed plants were
exposed to irrigation on August 24 2010.

Meteorological data, continually recorded by a
mesoclimatic station situated in area of the Arboretum,
were used for evaluation of the effects of environmental
variables on transpiration rate. The concerned meteoro-
logical data are available on the Website of the Tech-
nical University in Zvolen (www.tuzvo.sk). The soil
water potential was recorded simultaneously, with the
aid of gypsum blocks Datalogger MicroLog SP3 (EMS
Brno). The measured meteorological characteristics
were visualised and processed, with using a MINI 32
software (EMS Brno). The vapour pressure deficit was
calculated according to the Magnusson’s formula, pro-
viding with the recorded meteorological data (SoBiSEk
et al., 1993). For fitting the relation between transpira-
tion rate and vapour pressure deficit, we used the poly-
nomial regression analysis of the second order in the
MINI 32 software.

For each examined beech plant, we calculated the
area of its assimilatory apparatus, with using the Cer-
nota (KaLma and SLovak, 2004) computer programme.
Then the obtained data were used for calculation of the
transpiration rate per a unit assimilatory area (g m™2).
Statistical analysis was carried out in the program pac-
kage Statistica 7 (Duncan test).

Results and discussion

Water usage in plants is defined also as the amount of
water used for transpiration, because the most of the
water in plants is used in this process (PEnka, 1985).
At presence of sufficient soil moisture, the transpiration
is generally controlled by atmospheric conditions: pri-
marily air temperature and air humidity. Global radia-
tion also influences the transpiration rate in a positive
way (Kmvcr and Krees, 2000).
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The values of the total mean daily transpiration
rate in drought-stressed plants over a 26-day period
(20.8.—14. 9. 2010) reached only 84.58 g of water —
representing but 10.87% of 778.38 g transpirated by
regularly irrigated plants. If we declare values of irri-
gated plants as potential values, then the transpiration
loss makes 89.13%.

After estimation of the assimilatory area in plants
done with the program Cernota, we found out that the
assimilatory apparatus of the regularly irrigated plants
was 1.5-times larger (on average) in comparison to the
drought-stressed plants. According to the Duncan test,
the differences in assimilatory apparatus between the
drought-stressed and control plants were statistically
significant (Fig. 4). Another statistically significant dif-
ference between variants was also revealed in the trunk
circumference (Fig. 5). The trunk circumference in
regularly irrigated plants was 1.2-times, on average, the
circumference in the drought-stressed plants.
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Fig. 4. Difference in assimilatory area between irrigated and
drought-stressed beech seedlings. Assimilatory area was
determined with a program Cernota (KALINA and Srovak
2004); variant; LS; means current effect: F (1, 8) = 6.5059,
p = 0.03414; effective hypothesis decomposition; vertical
bars denote 0.95 confidence intervals.

We assume that the drought stress, influencing
plants for more than 2 months, could have been the
reason for the significant reduction of the assimilatory
apparatus and, similarly, the reduction of trunk circum-
ferences in the drought-stressed plants. The lack of wa-
ter in their tissues probably caused the trunks to shrink
and to reduce their overall size.

In case of transpiration rate per unit of area [g m 2],
the calculated difference between the drought-stressed
and regularly irrigated plants was somewhat lower.
The value of transpiration rate of the drought-stressed
plants achieved 2,524.63 g m2, making 17.74% of the
potential value of transpiration rate represented by the
regularly irrigated plants: 14,233.64 g m™ in course



of the experiment. The transpiration [g m™] values in
the period 20. 8.—14. 9. 2010 are summarised in Fig. 6.
On August 23 2010, the device broke down — causing
that the transpiration of the regularly irrigated plants
dropped to zero.

Trunk circumference [cm]

Irrigated DCrought stressed

ariant
Fig. 5. Difference in trunk circumference between irrigated
and drought-stressed beech seedlings; variant; LS; means
current effect: F (1, 8) = 67.030, p = 0.00004; eftective hy-
pothesis decomposition; vertical bars denote 0.95 confidence
intervals.

In trees sufficiently supplied with soil water, trans-
piration is influenced primarily by evaporative demands
of the atmosphere (MasaroviCovA et al., 1989; MATEJ-
KA et al., 2009). Masarovicova (1989) discovered a
linear dependence of water uptake on mean daily tem-
perature, and water uptake on vapour pressure deficit.
Masarovicova et al. (1989) found out that in trees suf-
ficiently supplied with water, their internal water deficit
was not influenced by soil water deficit, but primarily
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by evaporative demands of the atmosphere. This fact
has also been confirmed by Marteska et al. (2009), who
observed transpiration accelerated due to high vapour
pressure deficit — mostly in the seasons, when forest
was sufficiently supplied with soil water. During sea-
sons with dry soil, the differences between the transpi-
ration influenced by mean vapour pressure deficit and
high vapour pressure deficit are negligible.

The mean daily transpiration rate correlated with
the daily mean vapour pressure deficit better in the
regularly irrigated plants than in the drought-stressed
plants — as it is shown in Table 1 and Table 2 summa-
rising the results of our correlation analysis. According
to the mean coefficients of determination, the influence
of vapour pressure deficit explains about 36.19% (R?)
in irrigated plants and only 10.39% (R?) in drought-
stressed plants. The values of daily transpiration total
[g m™?] and daily average of vapour pressure deficit are
illustrated in Fig. 7.

During the measurement period, there were regis-
tered 6 rainy days (a rainy day was defined by a daily
precipitation total exceeding 1 mm) and 6 days with
the daily precipitation total lower than 1 mm. The
lower transpiration rate in rainy days is caused not
only by the rain itself, but mainly by the lower daily
global radiation at presence of cloudiness and higher
air humi-dity. The transpiration values observed on
the cloudy days are shown in Fig. 8. The transpira-
tion rate in plants manifested lower values during the
rainy days in comparison with the days without pre-
cipitation and days with precipitation less than 1 mm.
FaBrika et al. (2009) suggests the 1 mm daily precipi-
tation total as the threshold for statistically significant
differences in rate of tree transpiration. HERZOG et al.
(1998) declared that precipitation retained by tree can-
opies provides moisture to the layer adjacent to the
leaves. This moisture is depleted earlier than the water
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Fig. 6. Dynamics of daily transpiration total in course of 26 days, measured in the “Borova hora” Arboretum, measured by
using “baby sensors” — heat balance method. Error bars express the average mean error.
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Fig. 7. Course of the mean daily totals of transpiration rate during the 26 days, measured in the “Borova hora” Arboretum,

by using “baby sensors” — heat balance method. The graph is supplemented by a curve for vapour pressure deficit, calculated

according to the Magnuson’s formula from meteorological characteristics (air temperature and humidity) recorded continually
by the mesoclimatic station in the Arboretum.

Table 1. Results of regression analysis with the MINI 32 program, showing dependence of transpiration rate [kg h™'] in
regularly irrigated beech plants on vapour pressure deficit

};La::t cp bV N Regrzssmn coefficients tl;or y = ax? + bx ;r c R
1 VPD ITR 3,744 9.04204E-9 —3.78421E-6 0.000500118 0.534665
2 VPD ITR 3,744 1.30384E-9 1.18287E-6 0.000714083 0.148871
3 VPD ITR 3,744 2.33054E-9 1.81571E-6 0.000203131 0.506251
4 VPD ITR 3,744 1.18158E-9 5.84139E-6 0.000310635  0.430084
5 VPD ITR 3,744 —519.10900E-12 3.027700E-6 14.06116E-6 0.139747

CP, categorical predictor; DV, dependent value; VPD, vapour pressure deficit; ITR, transpiration intensity [kg h™']; n, number
of measurements.

Table 2. Results of regression analysis with the MINI 32 program, showing dependence of transpiration intensity [kg h™'] in
drought-stressed beech plants on vapour pressure deficit

Regression coefficients for y = ax> + bx + ¢ R?
Plant No. CP DV n
A b c
1 VPD ITR 3,744 18.337E-12  —13.3796E-9 5.01318E-6 0.003177
2 VPD ITR 3,744 1.05035E-9  —-121.921E-9 0.000115561 0.247219
3 VPD ITR 3,744 1.44459E-9  —924.882E-9 96.4591E-6 0.249679
4 VPD ITR 3,744 —3.0182E-12 —59.023E-9  94.4895E-6 0.012474
5 VPD ITR 3,744 51.9111E-12  —11.2442E-9 32.1239E-6 0.006867

CP, categorical predictor; DV, dependent value; VPD, vapour pressure deficit; ITR, transpiration intensity [kg h™']; n, number
of measurements.

contained in plants, so the transpiration is limited, and
the demand on evaporation is reduced. However, in our
case, this interception was eliminated by sheltering the
plants with a roof.

were irrigated on August 24. Despite the expecta-
tions, the irrigation was not responded by transpira-
tion, although the absolute value of soil water potential
dropped in some cases as much as 11 bars to a mini-

To test the potential for recovery of the transpira-
tion in the studied plants, the drought-stressed plants
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mum close to zero. In contrast to the drought-stressed
plants, decreasing transpiration values were observed in
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Fig. 8. Course of mean daily totals of transpiration [g m™] during 26 days, measured in the “Borova hora” Arboretum by us-
ing “baby sensors” — heat balance method. The graph is supplemented by the daily totals of precipitation and global radiation
intensity, recorded continually by the mesoclimatic station in the Arboretum.

regularly irrigated plants on the day following the ir-
rigation (August 25 2010) (Fig. 7, Fig. 8).

It is useful to compare the transpiration rate in
plants between our two most frequent tree species —
beech and spruce. The maximum value of mean daily
transpiration in irrigated 4-year-old beech plants repre-
sented 2,052 g m™? — compared to 544 g m™? measured
in 4-year-old regularly irrigated spruce plants. Compa-
ring between these two species requires also comparing
between their assimilatory areas: 0.0583 m? in beech
plants and 0.4055 m?in spruce plants (KOVALCIKOVA et
al., 2011). PETRAS et al. (1985) found that the leaf bio-
mass in spruce is more abundant than in beech or pine.
The authors also observed that the difference was more
pronounced with increasing tree diameter. It could be
one of the reasons why spruce is seriously endangered
by drought. The larger area of assimilatory organs, to-
gether with a lower surface resistance (RoBerTs, 1983)
in relation to evaporation, would be the cause underly-
ing the lower resistance of spruce to drought stress.

Hanson and WELTzIN (2000) observed that the
younger growth stages were more sensitive to the wa-
ter deficit caused by strong or long-lasting drought then
the adult trees. Adult trees show lower sensibility for
water deficit due to their deep root system and signifi-
cant reserves of carbohydrates and nutrients. However,
drought can make trees more prone to attacks by insects
and diseases. The significance of influence of the inter-
action between the genotype and environment is also
decreasing with increasing age (KRAIMEROVA, 2007).

Conclusions
The low transpiration rate observed in the drought-

stressed plants is no surprise. The timing of irrigation
of the drought-stressed plants was too late, so the irriga-

tion was not responded by an increase in transpiration
rate in the drought-stressed plants.

There were observed significant differences in
values of biometrical characteristics (assimilatory area,
trunk circumference) between the drought-stressed
plants and the regularly irrigated plants. We may con-
clude that it was caused by the negative effect of long-
lasting drought stress.

Comparing the results of the pilot measurement of
sap flow in beech plants with using “baby EMS stand-
ard systems for small stems or branches” with the re-
sults obtained by applying the gravimetric method, we
found the two in a good accordance. However, it is ne-
cessary to notice that the first show many profits com-
pared to the gravimetric method, such as low demands
on time and continuity. Moreover, the installation of
baby sensors is simple. However, the recording failure
on August 23 2010, in the case of regularly irrigated
plants, shows that certain risk is not possible to exclude
with using technical equipments.
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Meranie transpira¢ného prudu sadenic buka
v podmienkach stresu suchom

Suhrn

V prispevku su predlozené vysledky z pilotného merania transpiracného pradu na sadeniciach buka prostrednic-
tvom ,,baby* EMS 62 Standardného systému na meranie transpiracie vetiev alebo kmenov s malymi priemermi.
Meranie prebichalo v letnom obdobi 2010 na 10 jedincoch buka vo veku 4 rokov. Jedince sme rozdelili na 2
skupiny: suchom stresované a pravidelne zavlazované (kontrolné). Sicasne bol zaznamenavany vodny potencial
pody. Simulacia sucha zacala 9. jila 2010, meranie transpiracné¢ho prudu 20. augusta 2010. NizSia transpiracia
suchom stresovanych sadenic bola samozrejme o¢akavand. Za ucelom zistenia schopnosti obnovy transpiracie
bola 24. augusta na suchom stresované jedince aplikovana zalievka. Na transpiracii stresovanych sadenic sa vSak
neprejavila, aj ked’ absolitna hodnota vodného potencialu pody klesla na minimum. Fyziologické procesy rastlin
neboli vzhl'adom na dlhodobé negativne pésobenie sucha schopné obnovy a navratu k pdvodnej funkcii. Jednot-
kové transpiracia suchom stresovanych sadenic dosiahla za obdobie 26 dni 17,74 % z potencialnej jednotkovej
transpiracie, reprezentovanej jedincami pravidelne zavlazovanymi. Zalievka suchom stresovanych sadenic po viac
ako 2 mesiacoch bez zalievania bola aplikovana prili§ neskoro a preto nesposobila zvysenie transpiracie suchom
stresovanych sadenic. Na suchom stresovanych sadeniciach sa prejavili v porovnani s pravidelne zavlazovanymi
sadenicami pomerne velké rozdiely v hodnotach biometrickych velic¢in (plocha asimila¢nych organov, obvod
kmienkov), ktoré pripisujeme dlhodobému negativnemu vplyvu sucha. Zistovali sme tiez zavislost’ transpiracie od
meteorologickych ¢initelov, kontinudlne zaznamenavanych na mezoklimatickej stanici v Arboréte Borova hora.
Rychlost’ transpiracie suchom stresovanych jedincov vykazovala v porovnani s transpiraciou kontrolnych jedincov
nizsiu zavislost’ od meteorologickych prvkov, vyjadrent polynomickou regresnou funkciou druhého radu. Podla
priemernych koeficientov determinécie bolo mozné prisudit’ vplyvu sytostného doplnku u zavlazovanych sadenic
36,19 %, ale v pripade suchom stresovanych sadenic iba 10,39 %. Na zaklade zhodnotenia vysledkov z pilotného
merania transpira¢ného prudu na sadeniciach buka prostrednictvom ,,baby* EMS 62 Standardného systému na
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meranie transpiracie vetiev alebo kmenov s malymi priemermi mozno skonstatovat, ze namerané hodnoty st v po-
rovnani s gravimetrickym meranim realne, oproti gravimetrickému meraniu poskytujt véak mnozstvo vyhod, a to
najma nepretrzitost, casovil nenaro¢nost merania a jednoduchost instalcie ,,baby senzorov®
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