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The 4th annual “Global Change: A Complex Challenge” conference was held in Brno, Czech Republic from 23 
to 24 March 2015. The conference was organized by the Global Change Research Centre, Czech Academy of 
Sciences, in cooperation with Mendel University in Brno with financial support from the project “ENVIMET 
– Building a scientific team focused on environmental metabolomics and ecophysiology and its integration 
into international networks” (registration number CZ.1.07/2.3.00/20.0246; Ministry of Education, Youth 
and Sports of the Czech Republic).

The aim of this conference was to provide opportunity for early-stage researchers to present their findings 
while facilitating the identification of that work’s place within worldwide research on global change. The con-
ference programme was structured around invited lectures from leading scientists (John Grace, University of 
Edinburgh, Scotland; Michel Déqué, Météo-France National Centre for Meteorological Research, France; 
Miina Rautiainen, University of Helsinki, Finland; Wolfram Weckwerth, University of Vienna, Austria; and 
Tatiana Kluvánková, Slovak University of Technology & Slovak Academy of Sciences, Slovakia). Accordingly, 
the four sessions reflected the main research interests at the Global Change Research Centre, which encom-
pass new advances in atmospheric sciences, biosphere sciences, impact studies and molecular adaptations, 
and societal challenges. 

Twenty-four special reports selected from the submitted abstracts covered the full range of conference top-
ics from climate modelling, analysis of climate variability and change, atmospheric chemistry, applications 
of remote sensing, eddy-covariance and statistical approaches in investigating ecosystems, measurement of 
greenhouse gases fluxes, applications of omics techniques in ecological and impact studies, ecological and 
biophysical plant physiology through changes in socio-economic relationships, land use, and ecosystem ser-
vices induced by global change. Junior investigators presented their best ongoing research at a poster session 
as well as in the form of 3-minute flash talks (62 in total). 

The proceedings cover almost equally the four main conference areas mentioned above and reflect the grow-
ing interconnectedness between different areas of research on global change. Each contribution included in 
the proceedings was peer reviewed by two independent reviewers to enhance the conference’s quality and im-
pact. Therefore, our special thanks go to all reviewers. The editors acknowledge Ms Eva Jurková for technical 
assistance in preparing the Conference Proceedings.

Otmar Urban
Mirka Šprtová
Karel Klem

pReFaCe
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abStRaCt
Gridded monthly temperature data (GISTEMP and Berkeley Earth) covering the European region were in-
vestigated for the presence of components attributable to climate forcings, both anthropogenic and natural, 
and to major modes of internal climate variability. Effects of individual predictors were separated by multiple 
linear regression applied to time series over 1882–2010. It was shown that the presence of a warming trend 
correlated with greenhouse gases concentration was generally strong in European temperatures and typi-
cally combined with mild cooling ascribable to anthropogenic aerosols. Components attributable to varia-
tions in solar activity were rather weak and not statistically significant in most locations, as were the imprints 
of large volcanic eruptions. A strong association between North Atlantic Oscillation phase and temperature 
was confirmed for much of Europe, while temperature oscillations synchronized with the El Niño Southern 
Oscillation were quite limited in magnitude and displayed low levels of statistical significance. The influence 
of the Atlantic Multidecadal Oscillation was noticeable particularly in the western-most parts of Europe, 
whereas the Pacific Decadal Oscillation’s significant impact extended to Scandinavia.

IntRoduCtIon
The evolution of Earth’s climate results from a complex interaction of numerous external influences and 
internal processes active at a wide range of spatial and temporal scales. Due to the multifaceted nature of 
the climate system, as well as nonlinear and chaotic features in some of its components, separating the 
effects of various exogenous and endogenous factors is a nontrivial task and the problem of attributing 
observed variability patterns to individual climate-forming agents is one of contemporary climatology’s 
prime focal points. 
While previous research has brought much insight into the issue of attribution, many questions still remain 
even for such basic climate descriptors as temperature (see Stocker et al. 2013, Chapter 10, and referenc-
es therein). Increasing concentrations of greenhouse gases (GHGs) are now considered to be the primary 
driver of the near-surface warming observed during the industrial era. More uncertain is the influence of an-
thropogenic aerosols, thought to contribute both to cooling (e.g., sulfates) and warming (e.g., black carbon) 
tendencies, but also displaying substantial indirect effects. The impact of solar activity variations is also still 
discussed, although most studies suggest only a mild effect on near-surface temperature that is dwarfed by 
contributions from GHGs. Temporary cooling following major volcanic eruptions is quite distinct in global 
temperatures, but less so locally. An important, but regionally varied role is also played by internal climate os-
cillations: the North Atlantic Oscillation (NAO) is the dominant mode of variability in Europe, but potential 
contributions to temperature also come from links to the Atlantic Multidecadal Oscillation (AMO) and from 
teleconnections to the El Niño Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO). This 

attribution of european temperature variability during 
1882 – 2010: a statistical perspective

Mikšovský, J.1, 2,*, Pišoft, P.2

1 Global Change Research Centre, Bělidla 986/4a, 603 00 Brno, Czech Republic
2   Charles University, Faculty of Mathematics and Physics, Department of Atmospheric Physics, V Holešovičkách 2, 

180 00 Prague, Czech Republic

* author for correspondence; email: jiri@miksovsky.info
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presentation will show a sample of results from regression-based statistical attribution analysis focused on 
identifying sources of temporal variability in local European temperatures.

mateRIal and methodS
Analysis outcomes are shown for two publicly available datasets of monthly temperature anomalies: 
GISTEMP from NASA’s Goddard Institute for Space Studies (available at http://data.giss.nasa.gov/gis-
temp/; Hansen et al. 2010) and a combination of land temperature analysis and re-interpolated HadSST data 
from the Berkeley Earth group (available at http://berkeleyearth.org/data; Rohde et al. 2013). 
Eight explanatory variables (predictors) were employed representing anthropogenic and natural forcings as 
well as major climatic oscillations (Fig. 1): CO2-equivalent concentration of GHGs controlled by the Kyoto 
protocol (http://www.pik-potsdam.de/~mmalte/rcps/); European SO2 emissions adapted from data by 
Smith et al. (2011) as a proxy for amounts of anthropogenic sulfate aerosols; monthly solar irradiance from 
KNMI Climate Explorer (http://climexp.knmi.nl/data/itsi_wls_mon.dat); volcanic aerosol optical depth 
from NASA (http://data.giss.nasa.gov/modelforce/strataer/); the ENSO (SOI) and NAO (NAOI) indices 
from Climatic Research Unit (http://www.cru.uea.ac.uk/cru/data/pci.htm); the AMO index (AMOI) from 
NOAA (http://www.esrl.noaa.gov/psd/data/timeseries/AMO/); and the PDO index (PDOI) from KNMI 
Climate Explorer (http://climexp.knmi.nl/data/ipdo_erssta.txt). 
Contributions of individual predictors  to local temperature anomalies were approximated by the multiple lin-
ear regression model. Regression coefficients  were estimated using the least squares method independently 
for each grid point and their statistical significance was evaluated by moving-block bootstrap. Monthly data 
were analyzed for 1882–2010. The results are presented in the form of temperature responses to characteris-
tic variations  of individual explanatory variables, specified in Fig. 1.

ReSultS
The response patterns in Fig. 2 demonstrate that even across a geographically limited area such as Europe, 
the local character and magnitude of the effects of external and internal forcings may vary substantially. A rel-
atively prominent example is the component attributed to GHG concentration: strong, statistically significant 
links throughout the analyzed region imply a close resemblance between the long-term temperature trend 

Fig. 1:  Time series of explanatory variables. Bars to the right show magnitudes of the characteristic variations, used to calcu-
late responses in Fig. 2: increase in CO2-equivalent GHG concentration between 1882 and 2010 (+148 ppm); peak value 
of European SO2 emissions (43 Tg year–1); increase in solar irradiance by 1 W m−2; Mt. Pinatubo-sized volcanic event; 
increases in SO, NAO, AMO, and PDO indices by four times their standard deviations. 
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and GHG forcing, with GHG-ascribed temperature increases between 1882 and 2010 ranging mostly be-
tween 1°C and 1.8°C over land. In accordance with conventional knowledge about their negative contribution 
to radiative forcing, sulfate aerosols provided cooling over land, though the effect was mostly not statistically 
significant. A warming tendency from increased solar irradiance was indicated for most of Europe, but it was 
mild and mostly not significant at the 99% confidence level. Responses to volcanic forcing were more varied, 
with cooling over southern parts of the continent contrasting with warming in the northeast, possibly due to 
dynamic responses inducing a post-volcanic positive phase of the Arctic Oscillation (Stenchikov et al. 2006).
NAO’s strong influence on European temperatures appeared as expected, but significant links could also be 
traced to other internal climate variability modes. Of particular interest is the effect of AMO: this oscillation 
with a main period of about 70 years has been suggested as a factor explaining the accelerated global temper-
ature growth during the last decades of the 20th century (Zhou & Tung 2013) and its impacts can be seen not 
just over the northern Atlantic itself, but also over adjacent land. AMO’s imprint on European temperatures 
wanes with increasing distance from the Atlantic Ocean – although a positive correlation was indicated for 
almost all areas, the links were statistically significant only in the western part of the continent.
Both Pacific-related variability modes, ENSO and PDO, projected a certain amount of influence on the 
European area, but only PDO manifested through teleconnections statistically significant at the 99% 
level, over the northern part of the continent. The SOI-attributed component in the temperature series 
confirms a tendency for colder anomalies during the El Niño phase of ENSO, but the link was not statis-
tically significant at the 99% level. It should be noted that due to the inclusion of both the SOI and PDOI 
as explanatory variables as well as their mutual relationship (e.g., Newman et al. 2003, Brönnimann et 
al. 2007), these predictors partly competed for the same variability component in the temperature se-
ries. When SOI alone was used as predictor, its approximated apparent influence became stronger and 
more significant. 

Fig. 2:  Temperature response (°C) associated with individual explanatory variables, calculated as a product of the local re-
gression coefficient  and the characteristic variation  of the respective predictor (Fig. 1) for GISTEMP and Berkeley 
Earth (BERK) datasets. Black dots mark grid points with responses statistically significant at the 99% confidence level.
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dISCuSSIon 
Our analysis highlighted a strong formal association between long-term trends in European temperatures 
and GHG amounts as well as a rather ambiguous cooling tendency from sulfate aerosols. Contributions from 
solar irradiance variations were substantially weaker than was the sum of anthropogenic effects and were 
largely not significant. Another influential predictor with potential impacts on temperature variability was 
identified in the AMOI: provided that AMO is stable and well characterized by the scalar index employed (a 
matter still under intense discussion – see, e.g., Mann et al. 2014 and Zhou & Tung 2013), a sizable part of 
the warming during the last decades of the 20th century could be ascribed to the increasing AMO phase be-
tween the 1970s and 2000s. Effects of teleconnections from the Pacific area are detectable as well, particu-
larly in northern and eastern Europe, although statistically significant links appear only between PDO and 
temperatures over Scandinavia.
While our results offer some insight into the issue of responses within the climate system, it is important to 
remember that they are the outcome of a purely statistical analysis. The links revealed therefore represent an 
indication of a formal match between the temporal variability of the predictors and predictands rather than 
proof of their physically founded associations and should be interpreted as such. This particularly applies to 
the effects of GHGs and sulfate aerosols, which are somewhat collinear both with one another and with other 
potential anthropogenic predictors. Additional uncertainties may also stem from the choice of predictor se-
ries – for instance, our representation of anthropogenic aerosols through a single SO2-based series may be 
overly simplifying. Issues related to predictor interdependence, nonlinearity, seasonality, and temporal sta-
bility also deserve more attention in the future, as does a combination of the results of statistical and general 
circulation model-based attribution analyses. 
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regional climate model: evaluation and future 
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abStRaCt
We evaluated a simulation of Central European heat waves and analysed possible changes of their character-
istics in the future climate using the ALADIN-Climate/CZ regional climate model with 25 km horizontal grid 
spacing. Lateral boundary conditions were provided by the ARPEGE global climate model, using historical 
forcing and the SRES A1B scenario. Observed data were taken from the E-OBS gridded data set. Heat waves 
were evaluated over 1970−1999 and changes in their characteristics were assessed for 2020−2049. Their def-
inition is based on exceedance of the 90th percentile of summer daily maximum temperature calculated sepa-
rately for modelled and observed data. ALADIN-Climate/CZ simulates characteristics for the recent climate 
quite well, especially the overall severity of heat waves. In contrast, temperature amplitude was considerably 
overestimated. This model projects an increase in overall heat wave severity by a factor of 2 to 3 in the future 
climate, primarily driven by an increasing number of events. The study shows that ALADIN-Climate/CZ is 
generally capable of simulating Central European heat waves, which gives more credibility to model projec-
tions of future heat waves.

IntRoduCtIon
Heat waves have substantial impacts on human society and ecosystems as they cause excess illness and mor-
tality, increased energy demand for cooling, forest fires, spreading of pests, crop failure, and other economic 
losses (Beniston et al. 2007). Due to a projected rise in global mean air temperature (Kirtman et al. 2013), 
heat waves are expected to become more severe under ongoing climate change. Using climate model outputs, 
previous studies (e.g. Fischer & Schär 2010, Lau & Nath 2014) have shown a substantial increase in heat 
wave severity in the future climate, mainly caused by a shift in temperature distribution (Ballester et al. 2010). 
However, Vautard et al. (2013) evaluated European heat waves in regional climate models and demonstrated 
that the models suffered from general biases that affected the heat waves’ simulated characteristics. The aim 
of the present study is to analyse the characteristics of Central European heat waves in the ALADIN-Climate/
CZ regional climate model for both the recent and future climates.
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mateRIalS and methodS
Simulated data were obtained from the ALADIN-Climate/CZ regional climate model with 25 km horizon-
tal grid spacing (Farda et al. 2010). This model version was developed at the Czech Hydrometeorological 
Institute and is based on a numerical weather prediction model built into the frame of the ALADIN consor-
tium. It utilizes a new formulation of cloudiness, radiation code, and semi-Lagrangian horizontal diffusion 
scheme. Modelled data are available for 1961−2050; we used the 1970−1999 period for model evaluation and 
the 2020−2049 period for assessing projected changes in heat wave characteristics. Observed data for model 
evaluation were taken from the E-OBS 10.0 gridded dataset (Haylock et al. 2008). The data have horizontal 
grid spacing of 25 km (0.22°-rotated grid version). Although the geographic projection differs from the one 
used in ALADIN-Climate/CZ (Lambert conformal), the study domain was designed in order to minimize the 
differences. 
Heat waves were analysed over Central Europe, which was defined by 1,000 grid points (40 × 25) locat-
ed approximately between 47–53°N and 8–22°E and covering an area of 625,000 km2. The definition of a 
heat wave was based on the persistence of hot days, using daily maximum temperatures (Tmax) in summer 
(1 June−31 August). A hot day was recorded when the average of Tmax deviations in Central Europe from the 
90th percentile of the summer Tmax distribution was positive. Percentiles were calculated separately for ob-
served and modelled data, since our intention was to focus on the characteristics of heat waves rather than on 
Tmax bias. In modelled data, the percentile was calculated for the historical period and applied also to the fu-
ture period. A heat wave was characterized by at least 3 successive hot days. 
The severity of individual heat waves was described by the heat wave extremity index (Lhotka & Kyselý 
2014), which takes into account events’ temperature, length, and spatial extent. This index is calculated as 
the sum of daily Tmax excesses above the 90th percentile of the summer Tmax distribution over the entire heat 
wave, scaled by the total number of grid points in Central Europe (1,000). Temperature amplitude represents 
the largest Tmax excess above the 90th percentile of the summer Tmax distribution on any day and grid point 
during the heat wave. Length is the duration of the individual heat wave in days. Area is given by the region 
where Tmax deviations from the 90th percentile of the summer Tmax distribution were positive for at least 3 suc-
cessive days.

ReSultS
During 1970−1999, E-OBS contained records of 199 hot days forming 23 heat waves with a total duration 
of 104 days (Table 1). The clustering index (the ratio between the total duration of heat waves and the num-
ber of hot days) was 0.52, indicating that about one-half of hot days were involved in heat waves. ALADIN-
Climate/CZ simulated these characteristics quite well, but the clustering index was slightly overestimated 
while the number of hot days and heat waves was underestimated. Since the 90th percentiles were calculated 
separately for observed and modelled data, this underestimation is probably linked to a smaller spatial auto-
correlation of Tmax in the simulated data. The model simulates the total heat wave extremity index properly, 
but this originates from a compensatory effect from the overestimated mean extremity index and underesti-
mated number of heat waves. 
Regarding the scenario for the future period (2020−2049), ALADIN-Climate/CZ projected an increase in all 
characteristics. Although the model simulates a less than twofold increase in hot days, the total heat wave ex-
tremity index should increase by a factor of 2 to 3 in the future climate. 
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Fig. 1 shows the statistical distributions of the heat wave extremity index, temperature amplitude, length, and 
area for all heat waves. The characteristics are expressed by a combination of box plots and violin plots, which 
provide additional density estimates using probability density functions. For 1970−1999, ALADIN-Climate/
CZ reproduced heat wave characteristics reasonably well, except for temperature amplitude. Its distribution 
was considerably shifted, although the 90th percentile of Tmax was calculated individually for the model. This 
resulted in a small overestimation of the heat wave extremity index in the upper tail of its distribution. For 
2020−2049, ALADIN-Climate/CZ projects a substantial increase in temperature amplitude combined with 
an increased heat wave extremity index. Its maximum value reached 150°C, which is about three times larger 
than the most severe Central European heat wave observed in 1994.

dISCuSSIon 
We have shown that ALADIN-Climate/CZ is able to simulate Central European heat waves reasonably well. 
The largest drawback was found in the substantial overestimation of temperature amplitude, but this issue 
is present in the majority of current regional climate models (Vautard et al. 2013, Lhotka & Kyselý 2015). 
According to ALADIN-Climate/CZ, heat waves in the future climate (2020−2049) are projected to be almost 
twice as frequent as they have been in the recent climate (1970−1999) as well as being longer and with high-
er peak temperatures. The total heat wave extremity index should increase by a factor of 2 to 3 in the future 
climate. The threat of severe heat waves in the near future emphasizes the need for suitable adaptation strat-
egies to prevent health issues among the population as well as such other related hazards as droughts and 
wildfires.

HD HW dur. Icl HW ∑Ihw Ihw Tamp L A

no. days no. °C °C °C days

E-OBS (1970–1999) 199 104 0.52 23 223.0 9.7 6.4 4.5 0.64

Historical (1970–1999) 169 98 0.58 21 232.0 11.0 8.2 4.7 0.66

Scenario (2020–2049) 289 200 0.69 37 569.1 15.4 9.6 5.4 0.68

Table 1:  Characteristics of heat waves in observed and modelled data. HD: number of hot days, HW dur.: total duration of heat 
waves, Icl: clustering index, HW: number of heat waves, ∑Ihw: total heat wave extremity index, Ihw: mean heat wave ex-
tremity index, Tamp: mean temperature amplitude, L: mean length of heat waves, A: mean area of heat waves.
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Fig. 1:  Box-violin plots of heat wave characteristics. Crosses indicate mean values, dots depict outliers. Note that y-axis for the 
extremity index is in a logarithmic scale.
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abStRaCt
We investigate future climate conditions projected by six regional climate model (RCM) simulations driven 
by the SRES A1B emission scenario. As a diagnostic tool of climate change, we used the Köppen–Geiger cli-
mate classification as it is suitable for assessing climate change impacts on ecosystems. The analysis is based 
on a comparison of Köppen–Geiger climate subtypes during two future time slices (2021–2050 and 2070–
2100) with climate subtypes observed during 1961–2000. All RCMs showed expansion of the area covered 
by warmer climate types in the future, but the magnitude of the growth varied among RCMs. The differences 
stemmed from several sources, mainly boundary forcing provided by the driving global circulation models 
(GCMs) as well as different physical packages, resolution, and natural variability representation in individ-
ual GCMs. In general, RCMs driven by the ECHAM5-r3 GCM projected cooler climate conditions than did 
RCMs driven by the ARPÈGE GCM. This can be explained by two factors related to ECHAM5-r3: i) exagger-
ated transport of cool and moist air from the North Atlantic to Europe in summer, and ii) winter advection of 
cold air from the Artic owing to North Atlantic Oscillation blocking pattern alteration during solar minima 
as well as higher natural variability. RCM-related properties, such as physical package and spatial resolution, 
may also significantly affect climate predictions, although they do so to a smaller extent than does the driv-
ing GCM data. 

IntRoduCtIon
Regional climate models (RCMs) and global circulation models (GCMs) are state-of-the-art tools employed 
for climate change research. They are designed to capture climate evolution based on direct physical mod-
eling of the atmosphere, ocean, and other components of the climate system on both global and regional 
scales.
Climate classifications are convenient tools for the description of climate and studying its change. The 
Köppen classification (1923), later adapted by Geiger (1961), divides climate into five types based on an-
nual and monthly mean values of temperature and precipitation. Köppen–Geiger climate zone boundaries 
seem to correspond with certain prevalent vegetation species (Bonan 2002, Kottek et al. 2006). The main 
climate types are subdivided into several subtypes. Three vegetation groups (Köppen–Geiger climate clas-
sification types) are typical for Europe: the warm temperate zone (C), the snow zone (D), and the polar zone 
(E). Subtypes are named by adding two additional indices (letters) to the main type. The second index (let-
ter) added to the types C and D indicates the precipitation pattern. An addition of “S” indicates dry summers 
(mean precipitation in the driest summer month is less than one-third of mean precipitation in the wettest 
winter month) while “F” means there is significant precipitation in all seasons. The third index (added after 
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the second letter) indicates the degree of summer heat. An addition of “A” means that the mean temperature 
of the warmest month is above 22°C with at least 4 months having mean temperature above 10°C. An ad-
dition of “B” means that the mean temperature of the warmest month is below 22°C with at least 4 months 
having mean temperature above 10°C. Finally, “C” means that there are fewer than 4 months having mean 
temperature above 10°C.
De Castro et al. (2007) and Gallardo et al. (2013) used the Köppen–Trewartha classification (Trewartha 
1968) to estimate climate change in Europe with the ensemble means of RCM simulations by incorporating 
the uncertainty related to their driving GCMs. Using the ensemble mean may reduce the influence of bias in 
simulated temperature but not in precipitation, and this may consequently affect the quality of future climate 
projection.
In our work, we investigated the shift of Köppen–Geiger climate zones in Europe using six individual GCM/
RCM simulations originally prepared within the EC FP6 project ENSEMBLES (van der Linden & Mitchell 
2009). RCMs were driven by two different GCMs following the SRES A1B emission scenario in the 21st cen-
tury. A bias correction technique was implemented to eliminate the systematic errors of ENSEMBLES RCMs 
using the observed data as a reference field. The spread among individual simulations was then related to the 
driving GCMs, properties of RCMs and their setup, downscaling technique, and natural variability (Déqué 
et al. 2012). 

mateRIalS and methodS
Table 1 summarizes the selected ENSEMBLES RCMs. The analysis of climate types was carried out for two 
future periods: 2021–2050 and 2071–2100. Since all models are affected by bias, it is necessary to correct 
their outputs before further processing. An important point in bias correction is the availability of suitable 
reference data (e.g. observations or re-analyses). For bias correction, we chose the E-OBS gridded dataset 
of daily station observations. E-OBS (Haylock et al. 2008) is currently perhaps the best pan-European grid-
ded dataset with spatial resolution of 0.25° in longitude and latitude (or 0.22° on the rotated pole grid typical 
for many RCMs) covering the period since 1950. The applied methodology of bias correction is described in 
Déqué (2007) and was performed using the ProClimDB database software (www.climahom.eu). 

ReSultS 
Fig. 1 summarizes the proportions of Europe covered by different climate zones based on EOBS observed 
data and RCM simulations in the near and distant future. According to all RCMs, the relative share of climate 

GCM RCM Horizontal Resolution
1 ARPÈGE – 50 km
2 ARPÈGE ALADIN 25 km
3 ARPÈGE HIRHAM 25 km
4 ECHAM5-r3 RACMO 25 km
5 ECHAM5-r3 RCA 25 km
6 ECHAM5-r3 RegCM 25 km

Table 1:  Selected regional climate models (RCMs), their spatial horizontal resolution, and driving global circulation models 
(GCMs).
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zones CSA, CFA, DFA, and CFC will increase in the future. In contrast, climate zones CSB, CFB, DFB, DFC, 
and ET will have reduced coverage compared with their current extents. These results are consistent with 
global warming trends in the future. The extension of climate zones CFA, DFA, and CSA was larger in RCMs 
driven by ARPÈGE than it was in those driven by ECHAM5-r3. 

dISCuSSIon 
ARPÈGE-driven RCMs predicted the largest differences between observed and simulated results among the 
models (Fig. 1). The predicted higher mean temperature of the warmest month may be the result of pos-
itive snow–albedo feedback over Eastern Europe and high mountains in the ARPÈGE GCM (Gibelin & 
Déqué 2003). Large-scale circulation in ECHAM5-r3 is too zonal and transports cool and moist air from 
the North Atlantic to the European continent in summer (Kjellström 2011). Furthermore, several studies 
have noted the possible influence of solar output variability on the Earth’s climate and atmospheric dynamics 
(Barriopedro et al. 2008, Lockwood 2012, Brugnara et al. 2013). According to these studies, enhanced solar 
irradiance during the 11-year solar cycle leads to increased ultraviolet absorption by ozone and warming in 
the stratosphere; this warming then alters the circulation patterns in the atmosphere below. Based on the re-
lationship between the 11-year solar cycle and frequency of blockings, they found a higher likelihood of cold 
days over Europe during solar minima due to an eastward shift in the mean position of blockings in the North 
Atlantic. According to Sukhodolov et al. (2014), the radiation code of ECHAM5 GCM takes into account the 
11-year solar cycle, which can correlate with the northeastward shift of the blocking pattern in the European 

Fig. 1:  The proportions of Europe covered by different climate subtypes based on observations during 1961–2000 (bottom line) 
and RCM simulations in near and distant future.
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Block region and also contribute to cooler climate predictions by ECHAM5. In addition, natural variability 
also plays a significant role in temperature tendency. In the ECHAM GCM, natural variability is denoted by 
“-r1,” “-r2,” and “-r3,” representing low, medium, and high natural variability, respectively. According to 
Kjellström et al. (2011), the higher natural variability in ECHAM5 (ECHAM5-r3) shows less warming in 
much of Europe than does the medium variability (ECHAM5-r2). HIRHAM has only one soil moisture layer 
compared to other RCMs, which results in reduced water holding capacity and a dryer climate. This could ex-
plain why HIRHAM gives the largest predicted proportion of Mediterranean climate in Europe. 
The overall direction of change of climate zones corresponds with previous studies (Gallardo et al. 2013), but 
the magnitude of the change varies among RCMs. This spread predominantly stems from the differences in 
the GCMs chosen.
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abStRaCt
Information about hydrological and meteorological extremes (HMEs) in the instrumental period can be 
extended back into pre-instrumental times using documentary evidence from a variety of data sources. 
Financial and economic records, particularly those related to taxation data, are among the most important 
such sources. For the region of South Moravia, they are held by the Moravian Land Archives in the provincial 
capital of Brno and in certain equivalent state district archives that contain collections of estate accounts and 
family archives. Exploration of these sources provides information about HMEs in terms of dates and places 
of occurrence, courses, and impacts. Data of this kind from South Moravia were interpreted and included in a 
dedicated database, bringing the number of records of past HMEs to 2,010. This contribution demonstrates 
the high potential of this type of data.

IntRoduCtIon
Hydrological and meteorological extremes (HMEs), events with a low probability of occurrence, are destruc-
tive natural phenomena that may often result in great material damage or even loss of human life. The study 
of past HMEs can aid in understanding their equivalents in recent times, especially in terms of frequency, se-
verity, seasonality, and impacts. Insight may also be provided into recent climate change, which can also have 
a significant influence on certain aspects of HMEs (Stocker et al. 2013). In the Czech Republic (with South 
Moravia in its south-eastern part), systematic instrumental meteorological and hydrological observations be-
gan on a broader scale in the 19th century, particularly in its second half. Documentary data significantly ex-
tends knowledge about HMEs further into the past. Documentary evidence has recently been employed in 
several studies on HMEs (Brázdil et al. 2012b) and selected HME types (floods – Brázdil et al. 2014a, hail-
storms – Brázdil et al. 2014b). This contribution summarizes the potential of documentary evidence to inves-
tigate past HMEs in South Moravia.

mateRIalS and methodS
Data

From the latter half of the 17th century onwards, the taxation system in Moravia enabled farmers and landowners 
to apply for tax relief if their crops, buildings, or land (fields, meadows, pastures, or gardens) had been affected by 
HMEs. The alleviation process was divided into a number of stages. At first, the landowners, settlement representa-
tives, or individual farmers provided the regional administrative office with basic information regarding the extreme 
event, including a description of the damage done. Commissioners nominated by this body then inspected the dam-
aged site in person and drew up their own account. The regional office summarized all this information and pre-
pared a final report for the highest land office (the Gubernium in Brno) which made final decisions about granting 
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or rejecting tax relief (for more details, see Brázdil et al. 2012b). Documents related to this bureaucratic process, 
largely written in German, were preserved at several levels (affected communities, regional offices, the Moravian 
Land Office) and can be found in estate and family archives deposited in the Moravian Land Archives in Brno and 
some state district archives. Unfortunately, for various reasons, not all the relevant documents for particular estates 
have survived. Family archives contain a wide variety of records on various topics, including taxation data from es-
tates they administered as well as other documents related to HMEs, such as requests for aid to stricken regions, 
thanks for such help, requests for loans to repair damage, and other documents. Estate documents contain more 
than merely taxation data. Great use may also be made of other finance-related records: correspondence between 
the estate holder and its administrator about as damage to forests, game stocks, bridges, mills, roads, and so on and 
documents related to aid for dispossessed people, particularly public collections of money.
The main types of HMEs mentioned in such documents are hailstorms, torrential rains, floods, flash floods, wind-
storms, droughts, and late frosts, all of which caused damage  to harvest, agricultural land, and other property. In ad-
dition to detailed information about damage directly relevant for taxation purposes, data related to corresponding 
HMEs also include dates and places of occurrence and course development.
Based on critical analysis of data derived from such estate and family archives, a database of HMEs in South Moravia 
has been created for the 17th–20th centuries. In the process of analysis, it is essential to distinguish between extreme 
events and types of extremes. Extreme events are considered as those cases in which the damage caused by weather 
occurred during a single day. Each event may be then classified into several types of extremes, for example thunder-
storm with hailstorm, and torrential rain leading to a flash flood or inundation. This enables studying the frequency 
of all HMEs together or individual types of extremes separately.

ReSultS
Potential of HME database for South Moravia

To date, a total of 2,010 records of past HMEs have been included in the database, covering 1544–1942. Of 
these, 1,945 records were extracted from estate archives and 65 from family archives (data extraction from 
family archives is still in progress and this number will increase). Fig. 1 illustrates the decadal frequency of 
1,995 records covering 1641–1950. In addition to these, 12 records have not been dated precisely to a single 
year and three additional records were found for 1544, 1623, and 1626. Due to information about collections 
of money for people affected by HMEs, this database also includes several records for the Czech Lands out-
side of South Moravia and even for other countries within the Hapsburg Empire. 

Fig. 1:  Decadal frequency of HME records in South Moravia extracted from estate and family archives and included in a data-
base for 1641–1950.
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As seen in Fig. 1, the highest frequencies were recorded for the decades 1841–1850 (366 records), 1831–
1840 (353), and 1821–1830 (288). These three decades (1821–1850) together comprise 50.1% of all re-
cords. It is important to note that this largely reflects the availability of existing documents and the concentra-
tion of taxation records within the 19th century. Such a distribution of sources also influences frequency anal-
yses based on the data. For example, Brázdil et al. (2014a) analysed floods, flash floods, and inundations in 
South Moravia and found the highest frequencies of available records during 1821–1850, constituting 45.2% 
of all records. Brázdil et al. (2014b) found an even more significant predominance within the same period in 
an analysis of damaging hailstorms (58.9% of all records).
In terms of individual HME types (Fig. 2), flowing water (floods, flash floods, and inundations) comprises the 
majority with 884 records, followed by hailstorms (809) and torrential rains (488). At a lower level are wind-
storms (176 records), late frosts (78), and droughts (60). Windstorm records include 12 reports of tornadoes 
(proven or probable), extending the existing tornado chronology of the Czech Lands (for more details, see 
Brázdil et al. 2012a). In addition to such specific HMEs, the database also contains 121 records of other in-
formation related to negative effects on crops and human property, such as reports of bad harvests without 
actual causes given, rainy harvest times, wet spring seasons, heavy snow, rime, and, in the earlier times, even 
locust outbreaks (for more details, see Brázdil et al. 2014c). Besides those records included in Fig. 2, there are 
also 51 records describing extremes which occurred outside the borders of the Czech Lands (gathered largely 
from requests for public collections for afflicted communities).

Fig. 2:  Frequency of records of individual HME types in South Moravia extracted from estate and family archives and included 
in the database for 1641–1950.

HME data included in the database not only facilitate the study of temporal aspects (frequency distribution, 
seasonality), they also enable the derivation of the extremes’ spatial structures and impacts. For example, 
Brázdil et al. (2014b) presented four outstanding cases of damaging hailstorms in South Moravia and indi-
cated their territorial extent.

dISCuSSIon
Documentary evidence, especially taxation records, enable the identification of damaging HMEs, includ-
ing their dates and places of occurrence and type and extent of damage. However, the results are influenced 
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by various uncertainties and limitations (for more details, see Brázdil et al. 2012b, Brázdil et al. 2014b), 
including: 
(1) The spatial and temporal density of records largely reflects the number of surviving documents. 
(2) The most important part of taxation records is related to damage to agricultural crops and is thus depend-
ent to a considerable extent on crop phenophases. The information is therefore prevailingly restricted to the 
period of agricultural work during the height of the vegetation period (May–August). 
(3) Details related to HMEs in reports are dependent on their authors’ observational talent and literacy. 
(4) HME data were often secondary and may have been partly suppressed with respect to the reports’ main 
goal, which was to document and specify the extent of damage for tax relief. 
(5) Only events with damage severe enough for entitlement to tax relief, or requests for other help, are re-
corded, i.e. derived frequencies are lower than would be those obtained from systematic meteorological or 
hydrological observations.
Documentary evidence significantly extends knowledge of HMEs in the period before systematic observa-
tions and has the potential to complement standard hydrological and meteorological observations in the pe-
riod of overlap. The importance of taxation records was clearly demonstrated by Brázdil et al. (2014a) in 
the creation of flood chronologies for four selected rivers in South Moravia (the Dyje, Jihlava, Morava, and 
Svratka rivers), which combined information from the aforementioned database with other documentary 
and instrumental data. 
In the next stage, information from estate and family archives will be supplemented by other types of docu-
mentary evidence (chronicles, newspapers) and systematic observations and then used for further studies 
of HMEs, including their intensities and impacts. The aforementioned HME data extracted from estate and 
family archives constitutes an important source of documentary evidence for use in historical climatology 
and historical hydrology (for more details, see Brázdil et al. 2005, Brázdil et al. 2006). Finally, the great po-
tential of this type of documentary evidence in the study of HMEs on a broader European scale cannot be 
overemphasized.
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abStRaCt
Information about past droughts may be derived from the various kinds of documentary evidence. 
Documentary data are particularly applicable to the pre-instrumental period but may also be used for the 
overlapping period with instrumental records. They are extracted from written narrative sources, weather 
diaries, personal and official letters, newspapers, religious records, epigraphic sources, and other sourc-
es. Direct descriptions of weather facilitate identification of meteorological droughts, while descriptions of 
drought impacts are used to identify agricultural and hydrological droughts. Documentary evidence enabled 
the creation of series of precipitation indices which classify dry months on a scale of –1 (dry), –2 (very dry), 
and –3 (extremely dry). In this way, it is possible to study the frequency, seasonality, severity, and impacts of 
drought episodes in the pre-instrumental period.

IntRoduCtIon
Documentary evidence constitutes the basic data source for historical climatology addressing the recon-
struction of climate and hydrometeorological extremes (HMEs) as well as their impacts on human society. 
Documentary sources arising from society’s intellectual and material pursuits may be categorized with re-
spect to available data into: (i) direct and proxy data expressing weather information, (ii) individual and insti-
tutional data recorded by individuals or bureaucratic bodies, and (iii) primary and secondary data depending 
on whether the author witnessed the weather described or it was recorded at some distance from the event in 
time or place or even transferred from other sources (Brázdil et al. 2005). Many documentary sources include 
data about drought and its impacts. This contribution presents the kinds of documentary data containing 
drought information and demonstrates their use in the study of droughts’ spatio-temporal variability within 
the Czech Lands.

mateRIalS and methodS
A number of types of documentary sources contain information about drought and related phenomena within 
the Czech Lands (Brázdil et al. 2005).
Narrative sources 
This group includes weather reports in annals, chronicles, memoirs, diaries, historical calendars, official 
“books of memory”, and other sources. They usually include descriptions of anomalous weather and HMEs 
and their impacts on human activity. The earliest credible drought report in the Czech Lands relates to the 
winter of 1090–1091 and comes from the Old Prague Annals, now lost but quoted by several later sources: 
“Et in hieme neque nix neque pluvia fuit” [And in winter there was neither snow nor rain] (Emler 1874).
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Daily weather records 
These consist of more-or-less regular daily visual observations of the weather and related phenomena re-
corded by their authors into ephemerides, calendars, and official or personal diaries. For example, extensive 
weather records appear in the diaries of the Hradisko Monastery and Svatý Kopeček Priory in Olomouc, pre-
served for a total of 52 years during 1693–1783; drought is explicitly mentioned in 17 of these years (Brázdil 
et al. 2011).
Official and personal letters 
Those who administered estates and domains reported regularly in writing to their superiors and such corre-
spondence comprises a valuable source as do responses to it as well as lists drawn up for bureaucratic purpos-
es. In addition to personal information, personal letters often feature comments on the weather. An example 
may be found in a letter from Josef Volek to his wife Rozálii dated 10 June 1863 and written in Luhačovice: 
“since the Lord has given constant dry weather this year, leave the grain well spread when you cut” (Dobeš 
1945).
Shopkeepers’ and market songs 
Catastrophic events often entered the realm of folk and art production, usually devoted to floods and their im-
pacts. Songs related to drought are scarcer, but “Klíč od deště aneb Nová píseň v čas sucha” [A Key from the 
Rain, or a New Song in Time of Drought] by Rambek, a citizen of Prague New Town, ran to a second edition 
(Novotný 1940). It was inspired by a severe drought in 1678.
Newspapers 

Descriptions of HMEs and their impacts featured in occasionally published newssheets and later in more reg-
ularly published newspapers. For example, Moravské noviny reported on 17 June 1885 that in Pozořice and 
its surroundings “dry weather reached such heights that nearly everything became dry. [...] Everything calls 
upon, everything beseeches, Heaven to irrigate the parched earth.”
Financial – economic records 
Finance and business have always generated copious paperwork and the influence of weather, especially in 
an agriculturally based society, is readily traced. In particular, quite extensive records survive of the begin-
nings of food crop and grape harvests, wine quality and quantity, yields, prices of agricultural products, and 
compensation for property and assets damaged by HMEs. One very rich source consists of documentation 
accompanying farmers’ applications for tax relief after the negative impacts of drought. For example, tax re-
cords from ten estates in south-eastern Moravia have made it possible to recognize eight years with drought 
during the 18th–19th centuries (Brázdil et al. 2012).
Religious sources 

In especially hard times, the church organized processions of religious entreaty, fasts, and prayer vigils to be-
seech the Lord to relieve adverse weather patterns. For example, fasts and prayers for rain were proclaimed in 
Prague on 15 July 1503 (Palacký 1941). Surviving sermons may also contain valuable data; the priest Daniel 
Philomates the Elder mentioned in a sermon at Domaželice in 1616 that such drought and lack of water as af-
flicted them that year had not been heard of for more than a century (Philomates 1616).
Printed sources 

Theatrum Europaeum describes various events in Europe between 1633 and 1738. It mentions a hot summer 
in Austria, Bohemia, and Hungary in 1666 when meadows were dry, watercourses dried out, people needed 
to travel “6–7 [Austrian] miles” [ca 45–53 km] for water, and fires broke out in villages and woods. Drought-
related information can also be found in the annual summaries of agricultural and forestry production 
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published together with the results of meteorological and phenological observations for the years 1822–1845 
by the I. R. Patriotic-Economic Society of Bohemia (Bělínová & Brázdil 2012). 
Chronograms 

Chronograms are records commemorating a significant event (e.g. a flood). Certain letters within them may 
be interpreted as Roman numerals and indicate the year of the reported event. A Latin entry in the records of 
Hieronymus Haura, an Augustinian monk in Brno, recorded the great drought of 1746 thusly: “Personat heV! 

tuIstIs VoX: SVCCIs aret aDeMptIs / Noster ager sItIVnt fontes, herbaeqVe, feraeqVe” [It resounds! Oh, woe 
betide you, such a voice! Drought has dried up our fields, consumed them; the springs are thirsty [as are] plants 
and beasts] (Haura s.a.). The year 1746 is then given from a simple sum of the Roman numerals in bold.
Epigraphic records 
Symbols or entire reports have been cut or drawn into rocks, stones, bridges, and buildings and chiselled into 
wood to show extreme water levels or commemorate significant events. Hydrological drought is remembered 
through what are known as “hunger stones”. One example stands on the left bank of the River Elbe in Děčín 
with indications of low water levels. Its inscription warns of impending drought hardship: “Wenn du mich 

siehst, dann weine” [If you see me, then cry].
Documentary data extracted from the above must be subject to critical interpretation. Some reports make di-
rect mention of a period without rain, indicating a meteorological drought.
A drought may be reported by direct sources, while other sources provide only proxy indicators, often through 
descriptions of the impacts of droughts (agricultural and hydrological droughts) from which some idea of the 
severity of the drought may be derived. It is worth mentioning other clear drought indicators that appear in 
written records: bad harvests of various crops; problems with autumn sowing; lack of drinking water; low wa-
ter levels in watercourses and standing water; streams and springs drying up completely; large rivers so low 
that they can be crossed on foot or by cart; watermills out of operation for lack of water; high prices and short-
ages of flour and bread; religious processions of entreaty, prayers, and fasting; and others.

ReSultS
Series of precipitation indices may be employed for certain quantitative expression of drought in the pre-in-
strumental period. This involves corresponding documentary data being transformed into an ordinal seven-
degree scale (weighted indices) (Brázdil et al. 2005). These are interpreted for individual months (or seasons 
if data density is low) and express relative deviations of actual precipitation patterns from the normal. The 
precipitation character of the month is then categorized as follows: –3: extremely dry, –2: very dry, –1: dry, 
0: normal, +1: wet, +2: very wet, and +3: extremely wet. Series of seasonal or annual indices are then sums 
of the corresponding months’ indices. Transformation of descriptive reports into series of indices is partly 
biased by a degree of subjectivity on the part of the interpretation’s author. However, this can be minimized 
through multiple interpretations and cross-checking with similar series and data from countries immediately 
bordering the Czech Lands.
Such an approach was used by Brázdil et al. (2013) while creating a long-term, 500-year drought chronol-
ogy for the Czech Lands. While documentary data before AD 1500 are quite scarce and predominantly refer 
to Bohemia (Brázdil & Kotyza 1995), the density of precipitation/drought documentary records later signifi-
cantly increases. Using documentary data, Brázdil et al. (2013) considered as drought episodes those cases 
in which at least two consecutive months were classified as dry (particularly with indices at –2 and –3, but 
those at –1). From 1805 (instrumental period), such drought data were supplemented by data derived from 
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analysis of three drought indices (SPEI-1, Z-index, and PDSI) to obtain a drought chronology for 1501–2012 
(see Brázdil et al. 2013 for more details). 

dISCuSSIon
Various types of high-resolution documentary data related to droughts and their impacts facilitate the as-
sembly of an extensive database of such information within the Czech Lands in the pre-instrumental period 
and the overlapping time within the instrumental period. The character of the documentary data enables the 
study of the frequency, severity, seasonality, and impacts of droughts as well as discrimination between indi-
vidual drought types with respect to impacts (meteorological, agricultural, hydrological, and socio-econom-
ic). Combining pre-instrumental drought information with that from the instrumental period has enabled the 
creation of a 500-year drought chronology for the Czech Lands (Brázdil et al. 2013).
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abStRaCt
This contribution addresses the impacts of drought upon human society in South Moravia in the 18th–20th 
centuries, utilizing documentary evidence (parish and village chronicles, taxation and damage records, and 
correspondence). The consequences of drought are reviewed with respect to their impacts on agriculture 
(with special emphasis on crop production), water resources, and socio-economic conditions.

IntRoduCtIon 
A drought results from a deficiency in precipitation, which drops below the normal or expected amount over 
a given area. Based on impact type, droughts may be divided into meteorological, agricultural, hydrological, 
and socio-economic categories (Heim 2002). Such impacts may be assessed by analysing statistical data (e.g. 
crop yields, discharges) or through descriptions of their impacts as described in documentary sources. This 
contribution seeks to analyse drought impacts on agriculture, water resources, and overall socio-economic 
status by means of documentary data available for South Moravia in the 18th–20th centuries (Fig. 1). 

mateRIal and methodS
Certain documentary records describe the course of the weather and related phenomena in such a way that 
it is possible to derive information referring to drought and its impacts. This is especially true of narrative 
sources, weather diaries, letters, market songs, newspaper items, financial and economic records, church 
chronicles, printed sources, chronograms, and epigraphic data (see Řezníčková et al. 2015). Parish chron-
icles, village chronicles, taxation documentation, and official correspondence make up the basic sources of 
data for this study. Many of these records were hand-written in neo-Gothic italic script, in the deeper past in 
German and in more recent times also in Czech. The information contained in these records that related to 
drought was critically analysed and interpreted.

ReSultS
Agricultural drought
For maximum clarity, drought impacts within agriculture are divided into: impacts on fields and crops, im-
pacts on meadows and pastures, and impacts on livestock.
Impacts on fields and crops. Drought has always been a frequent cause of poor harvests of grain, fodder plants, 
root crops, vegetables, and fruits. If the spring is dry, only some of the seed sown grows at all and the remain-
der results in only modest yields. For example, in mid-July 1790, the individual municipalities of the Uherský 
Brod estate reported that a range of spring crops had not grown, while in Suchá Loz 66–75% of fields and win-
ter crops were damaged by drought as well (S1). According to farmers in Nezdenice, “[…] many cereal seeds 
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were unable to grow, while other seeds 

rotted away in the ground [... Those] 
cereals that did grow were rendered 

useless by this drought”, and they esti-
mated the damage to their own fields 
and those fields they rented at 1440 
gulden (S1). For a better understand-
ing of the value of money, in 1771 a 
reaper earned 15 Kreutzer (Kr.; 1 gul-
den = 60 Kr.) for mowing one měřice 
(0.192 ha; Hofmann 1984) of rye or 
wheat and 24 Kr. for a day mowing 
grass; a labourer earned 12–14 Kr. 
per day (Brzobohatý 2003).
In spring crops, droughts led to a 

short growth period, sparse ground cover, limited capacity to form ears, or complete desiccation. In this way, 
due to drought, winter crops failed to thrive in autumn (e.g. in Sulíkov in 1929; S5). During a long-term 
drought such as during 1718–1719, both spring and winter crops were affected, as evidenced in the docu-
mentary records for Svitávka (S6). Poor cereal harvests lead, quite apart from any direct lack of grain for mill-
ing and sale, to seed shortages.
Fruit trees also suffer from lack of water resulting in premature shedding of their products. Drought has es-
pecially unfavourable impacts on young or recently-planted trees. For instance, most newly-planted linden 
trees in Milešovice dried out in the dry summer of 1917 (S13). Root crops, especially potatoes, have lower 
yields during droughts because the size of their tubers drops, and harvests have been recorded of less than 
the quantity planted. Dry episodes also help promote the spread of aphids and other crop pests, exacerbating 
reductions in harvest.
Impacts on meadows and pastures. Droughts have an adverse influence on meadows and pastures in spring 
and summer. Dry periods often resulted in a lack of hay and aftermath at the beginning of autumn, which 
would otherwise have served as fodder for livestock and horses over the winter. For instance, a hay shortage 
in the dry year of 1790 was of acute concern to farmers from Veletiny because they were unable to contrib-
ute the regular quarterly quantity of hay dictated by their terms of service to the aristocrat landowner (S1).
Drought also increased vulnerability to fire in meadows and pastures (e.g. on the Doubravice estate in 1822; 
S2) as well as in timber-yards and forests. The expansion of railways in the second half of the 19th century, 
with early steam engines in particular throwing sparks in all directions, increased this threat of fires (see 
burnt pastures in Číchov during the dry period of 1904; S11).
Impacts on livestock. Withered pastures could not provide adequate grazing for livestock, so precious winter 
fodder or feed substitutes needed to be employed. Thus, an extraordinary yield of acorns served as feed for 
pigs in Milešovice in the dry year of 1911, and acorns also became a substitute for maize (S13). A lack of win-
ter fodder often resulted in a reduction in livestock numbers, although farmers did their best to maintain at 
least a minimum of cattle. In critical situations, they prioritized the sale of pigs, often at low prices, using the 
funds acquired to buy expensive beet scraps to feed their cattle (S13). Lack of cereals, or their stunting, led to 
shortages of the straw used as bedding for livestock. One response measure, taken in Žďárná during the 1917 
drought, was to permit farmers to take foliage from the forest as bedding, enabling modest supplies of straw 

Fig. 1: Depiction of South Moravia and locations mentioned in text.
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to serve as feed instead of fodder and hay (S7). Feed quality also deteriorated during drought; essential nu-
trients were lost and the feed became less digestible, resulting in, among other health problems, softening of 
livestock’s bones. Again, livestock numbers fell. 

Hydrological drought 
Dry episodes also have a significant influence on the accessibility of water. Among the immediate historical 
consequences were a decline in groundwater levels, with subsequent losses of wells, springs and ponds, and 
decreasing river levels, sometimes to the point of their completely drying out for a while (e.g. the Dyje River 
near Přítluky in 1718; S8). Such deficits deprived both people and livestock of drinking water and result-
ed in an acute need to find alternative sources. Since these sources were often pumped, pressure problems 
emerged. Where fountains could be created, there was sufficient water, which could accumulate in abun-
dant, sometimes excessive, volumes. Elsewhere, however, water needed to be transported from sometimes 
quite distant springs, as was recorded during dry years in such various locations in South Moravia as Dřínov 
in 1863 (S10), Sloup in 1893 (S4), and Žďárná in 1921 (S7). Social stress and anxiety frequently increased 
when water needed to be distributed in times of drought. For example, during the drought in 1863, the Křetín 
farmstead erupted in disputes and fights among those applying for water (S3). Water mills, in the past often 
nearly the sole source of mechanical power, required a certain river level and were unable to operate at low 
water levels. This resulted in both financial losses to the miller himself and increased costs to farmers. The lat-
ter were often forced to transport their corn to mills that were still running, which were very often quite dis-
tant, e.g. in Křetín in 1863 (S3) and Podolí in 1917 (S12). 

Socio-economic impacts of drought
Tax relief was available to those encountering difficulties associated with livestock grazing and increased 
costs resulting from drought. For example, one decision of the Brno Gubernium (the deciding administrative 
body for such matters), taken on 1 December 1775, granted tax relief to the stock-herder Thomas Zaleschak 
from Rudice: 30 Kr. for each dairy cow and 15 Kr for each calf (S1). If cattle numbers needed to be reduced 
owing to lack of fodder, the consequences went beyond the simple loss of the animals themselves. Cattle pro-
vided draught power for ploughing and hauling carts as well as milk and meat and any income that might be 
derived from them. Funds raised by livestock sales served to mitigate drought impacts by enabling the pur-
chase of feed and seeds. However, since drought affected whole regions and livestock was slaughtered on the 
majority of farms, an excess of pork and later beef on the market soon led to rapid declines in prices. For in-
stance, the price of beef dropped by half for 6 months due to drought in Sloup in 1893 (S4), which meant a 
significant decrease in farmers’ incomes.
Increased prices of scarce commodities, such as cereals, fruits, vegetables, potatoes, and even hay, were a very 
frequent consequence of drought. In Olešnice, a 50% increase in cereal prices was reported during the dry 
year of 1911 in comparison to the previous year, which had been very wet (Town of Olešnice 2004).
Drought had a great influence on farm routines, dictating unusual starting and ending times for the year’s 
activities. If drought appeared at the beginning of the year, the soil was parched soon after winter and crops 
were sown early. The occurrence of warm weather, usually associated with drought, meant that crops in fields 
and gardens ripened early and the harvest occurred sooner. Moreover, vineyards in many places, from which 
some quite meticulous records survive, testify to earlier-vintage, high-quality wine, but also to smaller har-
vests, as in Žádovice in the dry year of 1917 (S9). On the other hand, dry soil is harder to cultivate, leading to 
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problems with sowing and ploughing in autumn; for example, in Milešovice in the dry year of 1953, farmers 
postponed ploughing until the first rain on 30 October (S13). 

dISCuSSIon
The results presented herein demonstrate that droughts have significantly influenced agriculture, agricul-
tural production, and water resources in South Moravia over the past three centuries with significant con-
sequences for its inhabitants’ socio-economic conditions. Documentary records thus serve as a source that 
can convey significant information not only for drought climatology of the past, but also for studying the his-
tory of everyday life. This paper demonstrated a model of human behaviour, responses, and adaptations to 
severe droughts. This knowledge is important for understanding possible impacts on humans from the ex-
pected increased frequency and severity of droughts within the Czech Lands in future related to recent global 
warming. 
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abStRaCt
Soil moisture dynamics and their temporal trends in the Czech Republic are forced by various drivers. Our 
analysis of temporal trends indicates that shifts in drought severity between 1961 and 2012 and especially in 
the April, May, and June period, which displayed such results as a 50% increase in drought probability dur-
ing 1961–1980 in comparison to 2001–2012. We found that increased global radiation and air temperature 
together with decreased relative humidity (all statistically significant at p < 0.05) led to increases in the ref-
erence evapotranspiration in all months of the growing season; this trend was particularly evident in April, 
May, and August, when more than 80% of the territory displayed an increased demand for soil water. These 
changes, in combination with the earlier end of snow cover and the earlier start of the growing season (up to 
20 days in some regions), led to increased actual evapotranspiration at the start of the growing season that 
tended to deplete the soil moisture earlier, leaving the soil more exposed to the impacts of rainfall variabil-
ity. These results support concerns related to the potentially increased severity of drought events in Central 
Europe. The reported trend patterns are of particular importance with respect to expected climate change, 
given the robustness and consistency of the trends shown and the fact that they can be aligned with the exist-
ing climate model projections. 

IntRoduCtIon
After floods, droughts represent the next most disastrous natural events in the Czech Republic (Brázdil et al. 
2007). A study by Brázdil et al. (2013) analyzed droughts in the Czech lands between 1090 and 2012 based 
on documentary and instrumental data and concluded that despite great variability since 1501, the frequency 
of drought occurrence since the 1990s is unusual. There are strong concerns that the increase in drought fre-
quency may neutralize the expected positive effects of a longer growing season, decrease the productivity of 
ecosystems, or change the conditions for key soil processes. These concerns were strengthened recently by 



35

Trnka et al. (2015), who confirmed significant shifts in drought severity during the 1961–2012 period over 
the territory of the Czech Republic using newly available high-resolution climate datasets. Although there 
were no statistically significant trends in precipitation during the 1961–2012 period (Brázdil et al. 2012), sta-
tistically significant trends toward lower soil moisture content were present, most notably during the May–
June period. The present study explores the causes of the changes in modeled soil moisture content in the 
Czech Republic during 1961–2012, including how they compare with newly available observations and to 
what extent these changes agree with larger-scale assessments. The current study utilizes the datasets con-
sidered by Trnka et al. (2015) in combination with newly available long-term pan evaporation data. 

mateRIalS and methodS
The meteorological, soil, land cover, and soil moisture database used in this study was produced as a result 
of joint projects (listed in the Acknowledgements) by the Czech Hydrometeorological Institute, the Global 
Change Research Centre, and Mendel University in Brno. The climate data include daily minimum and maxi-
mum temperatures, sums of global radiation (combining directly measured shortwave radiation and sun-
shine duration hours), precipitation totals, and mean wind speed and air humidity. These data were homog-
enized and assessed for consistency using the AnClim and ProClim software packages (Štěpánek et al. 2009). 
The study area covers 268 climatological stations and 878 rain gauge stations across the Czech Republic. 
Finally, the data were interpolated into a 500 m grid.
The principal method used to determine drought (described in detail by Trnka et al. 2015) relies on an analy-
sis of the daily root-zone soil moisture content (up to 1.3 m deep or the maximum rooting depth). This value 
was calculated for each 500 m grid using the SoilClim model based on the Allen et al. (1998) model, which 
was partially modified and validated by Hlavinka et al. (2011) and further tested by Trnka et al. (2015). In this 
study, we first compared trends in the estimated reference evapotranspiration (ETr; one of the principal driv-
ing forces in the overall soil moisture calculation) with observed pan evaporation values. Next, we focused on 
an analysis of trends in the key predictors of ETr (i.e., global radiation, air temperature, relative air humidity, 
and wind speed) as well as snow-cover parameters and dates of key phenophases. In each case, the consis-
tency of the trend toward increasing evapotranspiration (and thus affecting soil water content) was consid-
ered. The significance of these trends during 1961–2012 was assessed using Spearman’s rank correlation 
coefficient and was tested by regression analysis using a 0.05 significance level. To avoid the existing auto-
correlation that is intrinsic to some of the analyzed data, the trends were separately evaluated for individual 
months or periods. 

ReSultS
Drying trends and key driving factors’ contributions are documented in Table 1. The drying trends were stron-
gest in May (44.1% of territory displaying statistically significant trends) followed by June (36.4%). The neg-
ative soil moisture trends are most pronounced in grids with grasslands and meadows (results not shown). 
Overall, the drying trends are strongest during the April–June period. A similar but less pronounced trend 
was found in the eastern part of the Czech Republic during the July–September period. In summary, as soil 
water reserves become gradually depleted, actual evapotranspiration (ETa) values become more dependent 
on rainfall and no significant trend (or even decrease in ETa) can be observed. The character of the ETa trend 
depends largely on the ratio between the ETr and precipitation. In regions with relatively ample rain, ETa has 
increased significantly (at higher elevations) over a longer period of the growing season in comparison to ETa 
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values in regions where precipitation is lower (thus limiting available soil moisture and therefore ETa). The 
relationships among the key drivers of May–June drying are qualitatively assessed in Fig. 1. 

Fig. 1:  Scheme showing the key drivers of soil water content during May in the Czech Republic for the 1961–2012 period. The 
main climatic and crop parameters are considered in the scheme. Red arrows illustrate increases and black arrows 
decreases in the respective factors. Line width displays relative importance. Solid lines represent statistically signifi-
cant trends for a given factor over more than two-thirds of the region studied and broken lines represent inconclusive 
tendencies. 

Table 1:  Proportion (%) of territory of the Czech Republic with statistically significant (α= 0.05) positive (+) and negative 
(-) trends conducive to drier/wetter conditions in individual months from March to September during 1961–2012. 
Includes all land uses apart from urban areas and water bodies.

AWR: relative saturation of the whole soil profile, AWR1: relative saturation of the topsoil, ETr: reference 
evapotranspiration, ETa: actual evapotranspiration, SRAD: global radiation, Tavg: mean air temperature, 
Wind: wind speed, RH: relative humidity, Rain: precipitation sum.

Month
AWR AWR1 ETr ETa SRAD Tavg Wind RH Rain

(-) (+) (-) (+) (+) (-) (+) (-) (+) (-) (+) (-) (+) (-) (-) (+) (-) (+)

March    0.3 32.4 0.1 30.2 26.8 0.0 59.4     0.0 5.8 0.4 20.0 0.0 10.5 34.7 65.1 0.3 0.0 1.9

April    5.1 2.5 10.7 1.3 80.4 0.0 43.5    0.1 51.3 0.1 73.9 0.0 8.5 44.7 81.5 0.0 14.9 0.0

May 44.1 0.4 55.5 0.3 97.5 0.0 44.7    1.5 83.1 0.0 99.1 0.0 14.6 42.7 86.8 0.1 2.1 0.0

June 36.3 0.3 15.6 0.4 12.3 0.0 13.1    3.5 0.8 0.9 82.6 0.0 11.0 47.5 36.5 0.6 3.6 0.0

July    2.3 2.5 0.0 13.1 18.2 0.0 27.2    0.1 2.2 0.2 96.1 0.0 20.4 36.3 24.4 1.7 0.0 48.3

August    0.8 0.7 0.2 0.4 96.3 0.0 7.5    2.1 63.5 0.0 99.2 0.0 12.0 44.9 46.0 0.1 0.1 0.1

Septem-
ber

   0.7 1.1 0.0 0.4 0.1 0.2 0.2 13.3 0.1 0.8 0.0 0.2 22.4 32.8 3.3 2.7 0.0 3.4
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dISCuSSIon 
This study offers a detailed analysis of the factors that drive observed drying of the Central European land-
scape and identifies possible causes and consequences of these trends. These results represent clear pro-
gress in comparison to previous analyses (e.g., Brázdil et al. 2007, Potop et al. 2012) that relied on simpler 
drought indices. Our approach enables us to account for (i) changes in the key driving elements apart from 
temperature and precipitation, i.e., global radiation, wind speed, and air humidity; (ii) changes in snow cov-
er and snowmelt-based recharge of soil moisture before the start of the growing season; (iii) changes in the 
rates and timing of phenological development of vegetation cover, including the effect these changes have on 
evapotranspiration; and (iv) location characteristics (i.e., slope, aspect, soil properties, and the influence of 
groundwater). Although the reported soil moisture trends are worrisome, one may argue that the presented 
trends in soil moisture are based on modeled results rather than actual observations. However, our findings 
agree well with measured soil moisture data (Trnka et al. 2015) and also with the observed trends in evapora-
tion analyzed in this study and independent station-based analyses (Brázdil et al. 2009). We found that soil 
moisture during the May–June period has decreased on average by 60 mm in the past 50 years, with certain 
locations reporting reductions of more than 100 mm within the first 1.3 m of their soil profile. 
A decrease in soil moisture in May and June in the Czech Republic should be of great concern because these 
months influence the key period of the growing season for this region. Moreover, the fact that the April–June 
period of 2001–2012 displayed a 50% increase in drought probability compared with that of 1961–1980 is 
alarming. The probability of extreme drought was also found to be increasing significantly for the Czech terri-
tory, which is further supported (or at least not contradicted) by the results of several large-scale assessments. 
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abStRaCt
Incident solar radiation is influenced by many factors, including distance from the equator, altitude, time of 
year, and season. Absorption of radiation and its scattering are connected with the properties of atmospheric 
compounds. Cloud cover and air pollution are connected with tropospheric properties.
Using our data, the influence of weather changes on the dose of solar irradiance reaching the Earth’s sur-
face and its spectral composition are described. Solar radiation components were measured continuously by 
a system of sensors situated in the Botanical Garden of the University of Ostrava, Czech Republic. Data for 
2014 were chosen for analyses. Days were divided into categories of sunny days and cloudy days according to 
weather conditions and daily radiation patterns. Percent differences in received solar radiation between sun-
ny and cloudy days were calculated for eight months (Jan, Feb, Mar, Jun, Jul, Aug, Sep, and Dec). Differences 
in received solar radiation between clean and polluted days were calculated for sunny and cloudy days in 
December 2014. Mean incident solar radiation during cloudy days was reduced by 61% from the value for 
sunny days (in summer months) and by 64% from the value for sunny days in winter months. The largest in-
fluence of clouds on received solar radiation was during September and the smallest was during June. There 
was a reduction in incident solar radiation caused by the atmospheric pollutant PM10 during winter months. 
This reduction amounted to 10% during sunny days and 21% during cloudy days for December 2014. 
Clouds significantly reduced incident solar radiation as did the air pollutant PM10, but there were probably 
other factors also contributing to the reduction in incident solar radiation.

IntRoduCtIon
Solar radiation passing through the atmosphere is mainly influenced by absorption, scattering, and tropo-
spheric conditions. Geographical location, altitude, solar elevation angle, and time of year are other factors 
influencing incident solar radiation (Paul & Gwynn-Jones 2003). Cloud cover, especially its range and distri-
bution (Oliphant et al. 2011), and air pollution, especially atmospheric turbidity (Jacovides et al. 1997), ap-
preciably affect incident solar radiation. Cloud permeability is the most important and most changeable fac-
tor influencing incident radiation (World Meteorological Organization 2011). Atmospheric pollutants not 
only cause a reduction in total solar irradiance, they also change the proportions of direct and diffuse ra-
diation (Robaa 2009) and affect the spectral composition of radiation (Jacovides et al. 1997). UVB radia-
tion is mainly absorbed by ozone (O3) and sulphur dioxide (SO2). In contrast, UVA radiation is absorbed by 
atmospheric nitrogen dioxide (NO2), which has no influence on the transmission of UVB. Other chemicals 
which absorb UV radiation are contained in organic carbon from motor vehicles or biomass burning (World 
Meteorological Organization 2011).
The Ostrava region is subject to serious air pollution episodes, and for this reason we have studied the spectral 
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composition of incident radiation in this area. It is useful to determine how much and in what way solar radia-
tion is influenced by weather conditions and air pollution, since in addition to human health this could have 
an impact on plant photosynthesis and agriculture. In this study, we estimated how much incident solar radi-
ation was decreased during cloudy days in this region during one year and how much it was decreased during 
those severe air pollution episodes that occurred during the winter months.

mateRIalS and methodS
Characteristics of the study area

The Ostrava region is situated in the north-eastern Czech Republic. This area’s mean altitude is 244 m a.s.l. 
and the countryside is flat or slightly undulating (Weissmannová 2004). According to the Köppen–Geiger 
classification, this area falls within the Dfb climate subtype (Peel et al. 2007). Mean annual air temperature 
is 8.4°C (mean 18.3°C in July, the warmest month). Mean annual precipitation is about 700 mm (average 
95.6 mm in July). This area has been heavily influenced by emissions from industrial factories, but the situa-
tion has improved since 1992 (Weissmannová 2004).
Data collection and acquisition

The system of sensors for solar radiation measurement is situated in the Botanical Garden of the University 
of Ostrava in Slezská Ostrava (49°49.64873’N, 18°19.56197’E). It contains seven sensors which measure 
radiation at wavelengths of 660 and 730 nm, UVA and UVB radiation (Skye, UK), total energy irradiance of 
solar radiation within 400–1100 nm (global radiation), and wavelength intervals of: 400–700 nm (photosyn-
thetically active radiation, PAR), 510–700 nm, and 600–700 nm (EMS Brno, Czech Republic). Spectral parts 
of PAR were calculated from the above mentioned interval measurements: blue 400–510 nm, green 510–
600 nm, and red 600–700 nm. Each system contains other sensors to measure air temperature, air humidity 
(EMS 33R, EMS Brno), and precipitation (type 370C/372C, MetOne Instruments, USA).
Data analyses

Analysis included 1-hour averages of solar irradiance for those hours when solar elevation angles were higher 
than 5°. Weather and air pollution data were combined with radiation data. Days were divided into the cat-
egories of sunny days and cloudy days according to weather conditions and daily radiation patterns. Partly 
cloudy days were removed from the analyses. In winter months, days were divided into the categories of clear 
days and polluted days according to the measured value for PM10, with the limit for a clean day of 50 μg m−3 
(mean per day). Mean daily sum of hourly averages for sunny and cloudy days was calculated for several 
months during 2014 (Jan, Feb, Mar, Jun, Jul, Aug, Sep, Dec) and for clean and polluted days, both sunny and 
cloudy, in the winter months of 2014. Percentage differences in received solar radiation between sunny and 
cloudy days were calculated. Differences in received solar radiation between clean and polluted days, both 
sunny and cloudy, were also calculated.

ReSultS
During cloudy days, all spectral bands of solar radiation were reduced on average by 65% in March, by 58% in 
June, by 71% in September, and by 65% in December in comparison to sunny days in those months. Overall 
mean reduction was by 65%. Spectral irradiance at wavelength 730 nm showed the largest reductions from 
clouds, except during December when the smallest reduction in 730 nm radiation occurred. The smallest re-
duction in UVA radiation occurred in June (Fig. 1).
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Fig. 1:  Reduction in selected spectral bands of incident solar radiation during cloudy days compared with sunny days in 2014. 
The smallest reduction occurred in June for UVA. The largest reduction occurred in September for 730 nm.

There was a reduction in incident solar radiation caused by the atmospheric pollutant PM10 during winter 
months. This reduction amounted to 10% during sunny days and 21% during cloudy days for December 
2014. During sunny days, the smallest reduction was in UVA and UVB radiation and the largest reduction 
was that of global radiation. During cloudy days, the smallest reduction was for 730 nm and the highest re-
duction was in UVB radiation. There were exceptions, however, such as the reduction in UVA caused by PM10 
in January 2014 which recorded different values: 30% for sunny days and 24% for cloudy days (Fig. 2).

Fig. 2:  Daily sum of hourly averages for UVA radiation on clean and polluted days, both sunny and cloudy, in January 2014. 
During sunny days, a bigger difference between clean and polluted days was evident. The number of days in each category 
is given at the top of the figure. Days which were partially cloudy were excluded from the analysis.
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dISCuSSIon
Despite the fact that atmospheric pollution is a serious problem in the Ostrava region, there have been no 
similar studies on the influence of air pollutants on solar radiation in our region. Most research is focused 
on the effect of pollution on human health, especially among children. It has been known for some time that 
cases of asthma and other respiratory illnesses occur in children living in Ostrava-Radvanice, which has the 
highest atmospheric concentration of carcinogenic polycyclic aromatic hydrocarbons of anywhere in the 
European Union (Sram et al. 2013).
It is generally known that clouds cause a significant reduction in incident solar radiation (Pyrina et al. 2013). 
The spectral composition of incident PAR has been studied during clear and cloudy days in Bílý Kříž, Beskid 
Mountains (Navrátil et al. 2007). In the present study, we calculated that mean incident solar radiation was 
reduced on cloudy days on average by 65% compared with that on sunny days.
Air pollutants also cause substantial reductions in solar radiation (Calinoiu et al. 2013). We found that PM10 
is able to decrease incident solar radiation but the extent of this reduction was quite variable. This leads us 
to conclude that there are probably more factors which are related to the reduction in incident radiation. We 
intend to test this by assessing the contributions of other atmospheric pollutants to this reduction in a more 
detailed analysis.
In future studies, we would like to create models of solar radiation during clear skies in cooperation with the 
University of Helsinki and the Finnish Meteorological Institute, which would enable us to compare modelled 
data with measured data. We also intend to make more detailed analyses of the influence of specific aspects of 
the weather and atmospheric pollutants on incident solar radiation.
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abStRaCt
Monitoring drought has become an important tool for farmers and agriculture decision makers. This has in-
creased efforts to create a monitoring system using satellite data that could provide an independent and cur-
rent source of real information on vegetation condition. The aim of this study was to develop an algorithm 
for processing Normalized Difference Vegetation Index (NDVI) data from the Moderate Resolution Imaging 
Spectroradiometer. A software utility called LINCOLN was developed for this purpose. Its filtering output 
was further processed to yield a start of the season (SOS) metric. Different settings of the utility were tested 
and correlated to such phenological ground observations as the emergence of spring barley and the beginning 
of leaf sheath elongation in winter wheat. There was higher correlation observed in the case of winter wheat, 
probably due to its weaker dependence on crop sowing date. The matrix of coefficients of determination was 
applied to determine the optimal settings for the LINCOLN filter. The optimal absolute threshold NDVI val-
ue for SOS was set to 4,500. 

IntRoduCtIon
One of the major current impacts of climate change in the Czech Republic is seen in the occurrence of drought 
events. These events are of crucial importance in the agricultural sector. In addition to direct measurements 
of soil water content, drought can be monitored also indirectly through observing vegetation conditions. 
Satellite data might offer useful information regarding the impact of stress (e.g., drought) on plants even at 
a large scale. For this purpose, spatial and temporal resolutions of source data are critical factors. The aim of 
this study was to develop and test a procedure for filtering and processing a daily satellite signal that would 
otherwise include lots of missing or invalid values as a result of atmospheric conditions (mostly clouds). Our 
results can be further employed in developing a drought monitoring system with near-real-time vegetation 
warning signals that would be independent of ground measurements.
 
mateRIalS and methodS
The Normalized Difference Vegetation Index (NDVI) has been computed daily at a 250 × 250 m resolution 
from red and near infra-red reflectance spectral bands of Moderate Resolution Imaging Spectroradiometer 
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(MODIS) time series. MODIS is an instrument on board the Terra and Aqua satellites. Its NDVI data of the highest 
quality flag from 2000–2013 have been processed for vegetation monitoring (Tucker et al. 2005). For the purpose of 
our calculations, original 250 × 250 m resolution data were masked for arable land and aggregated to a 5 × 5 km grid. 
A 16-day MODIS NDVI composite product was used for comparison.
Phenology phases of different plants were collected from meteorological stations in the Czech Republic. As defined 
by their observation methodology, ground phenology metrics are based on individual plant characteristics. For that 
reason, we selected agricultural crops that are mostly grown as single-crop monocultures, which correspond to 
ground observation reference. Two early phases of different cereals at the beginning of the year were analyzed: the 
emergence of spring barley and the onset of leaf sheath elongation in winter wheat. Altogether, we identified 21 sites 
with consistent observational data with at most 2 missing values for each crop in the 2000 to 2012 time period. These 
sites are spread all over the agricultural land of the Czech Republic. 
To filter daily NDVI data, a three-step algorithm was developed and tested. A software utility was implemented that was 
named after the city where major design decisions were discussed: LINCOLN. It uses csv files as time-series input. It 
has the capacity to handle missing data and enables setting different parameters: the threshold for the minimum NDVI 
value and lower (LowCoef) and upper (UpCoef) buffer coefficients. Fourteen different combinations of input parame-
ters were computed and evaluated in order to determine the optimal settings for the software. Detailed iterative steps of 
LINCOLN are described in the Results section. An example of filtered NDVI outputs is depicted in Fig. 1. 
To evaluate the software’s performance, time series were further processed with TIMESAT software (Jönsson & 
Eklundh 2002, Jönsson & Eklundh 2004). This software served not only as a smoothing tool for output comparison, 
but also as a means for computing the start of the season (SOS). Out of three filters available, the Savitzky–Golay 
filter (Chen et al. 2004) was chosen for its ability to adapt to rapid changes in NDVI course, which makes it suitable 
for monitoring drought events. All data were processed with three different settings of the Savitzky–Golay filter. The 
first setting (set1) contains LINCOLN outputs without significant changes generated by TIMESAT, which was uti-
lized mainly in order to calculate the SOS metric. Settings set2 and set3 exert additional smoothing on time series, 
balancing best fit for small changes and rough NDVI course while omitting noise values. 

Fig. 1:  Example of NDVI data time series (original and filtered by LINCOLN utility with 6 different settings). 16-day temporal resolu-
tion composite data for the district are added.

To calculate SOS, two approaches were adopted: absolute and relative threshold values. According to the former, 
SOS is defined as the time of year when the NDVI reaches the NDVI threshold value. Relative threshold is expressed 
as a certain ratio of the NDVI’s seasonal amplitude. SOS was computed for 4 different absolute threshold values 
(4,000, 4,500, 5,000, and 5,500) and 4 relative threshold values (0.25, 0.35, 0.45, and 0.5).
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Coefficients of determination (R2) of the linear correlation between remotely sensed SOS results and pheno-
logical ground observations were calculated in order to evaluate the LINCOLN algorithm’s performance, its 
settings, and SOS derivation parameters. The robust resulting matrix comprises 91,728 possible correlations 
for both crops separately, containing 14 LINCOLN utility settings in columns and 3 TIMESAT settings and 
8 SOS values in 24 rows. Each cell represents mean R2 for a given setting across the 21 ground observation 
sites over 13 vegetation seasons. Only reasonable data ranges were taken into account. Subsets of matrices 
for winter wheat and spring barley are outlined in Table 1.

ReSultS
This work’s most important achievement is the development of a filtering algorithm and its implementation 
as a software utility called LINCOLN. The computation is described and summarized in the following steps:
1. Setting the minimum NDVI value threshold (→ RAW1) 

-  Values of original data (RAW) under the threshold level (could be set), which are often influenced by 
cloud cover, are neglected.

2. Retaining higher values (from RAW1) that better represent a clear signal
-  For each day the 1st, 2nd and 3rd highest values in a +/- 7-day window are selected.
-  Weighted mean according to temporal distance (day = 100%, day ± 7 = 30%) is computed for each day 

→ RAW2.
3. Removing outliers

- Calculating Delta (normalized difference between RAW & RAW2).
- Computing standard deviation (STDV) of Delta for each site (pixel).
- Dismissing days where Delta is out of the buffer zone (-STDV*LowCoef > Delta > STDV*UpCoef).
- When Delta is in buffer zone  RAW1 value is accepted → RAW3 

4. Daily linear interpolation of RAW3 → LINCOLN output time series

Table 1:  Mean correlation coefficients of determination (R2) between ground observations of both spring barley emergence and 
beginning of leaf sheath elongation in winter wheat at 21 meteorological sites in Czech Republic during 2000–2012 
and SOS computed from satellite data processed using LINCOLN in different settings (columns) and TIMESAT and 
SOS thresholds (rows). 

Spring barley Winter wheat

lower env. 0.5 0.3 0.5 1.0 0.5 1.0 0.5 0.5 0.3 0.5 1.0 0.5 1.0 0.5

upper env. 1.5 1.5 1.5 1.5 1.5 2.0 1.5 1.5 1.5 1.5 1.5 1.5 2.0 1.5

min. thresh. 1,500 2,000 2,500 2,500 3,000 3,000 3,500 1,500 2,000 2,500 2,500 3,000 3,000 3,500

set1, 35% 0.12 0.12 0.12 0.12 0.10 0.15 0.11   0.21 0.25 0.32 0.26 0.33 0.29 NA

set1, 45% 0.11 0.12 0.12 0.14 0.12 0.22 0.19 0.25 0.22 0.25 0.22 0.29 0.31 NA

set1, 4,000 0.14 0.17 0.20 0.14 0.15 0.19 0.22 0.25 0.31 0.32 0.26 0.33 0.35 0.17

set1, 4,500 0.13 0.14 0.15 0.11 0.16 0.11 0.15 0.29 0.37 0.38 0.35 0.38 0.38 0.27

set1, 5,000 0.12 0.13 0.15 0.14 0.15 0.14 0.16 0.30 0.32 0.36 0.33 0.35 0.37 0.43

set3, 50% 0.12 0.11 0.11 0.19 0.12 0.21 0.13 0.25 0.22 0.29 0.25 0.32 0.28 0.22

set3, 4,000 0.18 0.23 0.16 0.18 0.22 0.22 0.28 0.26 0.33 0.32 0.31 0.31 0.38 NA

set3, 4,500 0.13 0.15 0.14 0.16 0.18 0.15 0.12 0.30 0.36 0.38 0.30 0.39 0.37 0.27

set3, 5,500 0.08 0.11 0.12 0.15 0.11 0.13 0.14 0.35 0.34 0.37 0.35 0.34 0.37 0.23
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Since the development of this algorithm was accompanied by profound testing of different settings of 
LINCOLN and SOS derivation thresholds, defining a coefficient of determination matrix was crucial for their 
evaluation. For simplification, only a subset of the matrices is displayed in the table, comprising only lines and 
columns with the most significant R2  values. 
Using a LINCOLN filter proved to be favorable for noisy daily MODIS NDVI, except for winter-season data, 
which are often unreliable when vegetation is very limited. In some cases, additional filtering with TIMESAT 
(set3) yielded slightly higher coefficients of determination than were obtained for LINCOLN alone (set1). 
In general, LINCOLN itself proved to be sufficient for data filtering, with an optimal minimum threshold of 
2,500, upper coefficient of 1.5, and lower coefficient of 0.5.
Correlations for spring barley were generally lower than were correlations for winter wheat. This could have 
been caused by the unstable winter signal (many missing values or data outside reasonable boundaries) and 
the strong influence of crop sowing dates on barley growth. Satisfactory results were achieved for winter 
wheat, where R2 was 0.38 on average, with values around 0.7 in some sites. Refined results were obtained us-
ing the absolute threshold SOS method. Of the values tested, 4,500 gave the best performance.

dISCuSSIon
Visual evaluation of filtered time series together with correlation with ground data proved the ability of the 
LINCOLN filter to yield time series with solid temporal resolution applicable for daily data and surpassing 
the composite MODIS NDVI product. However, the inaccuracy of the winter signal needs to be addressed in 
further analysis. Since the testing of LINCOLN showed the redundancy of the TIMESAT filter for addition-
al smoothing, it would be possible to extend the use of our utility alone to process raster data and derive the 
SOS. In order to bring LINCOLN into operational use for monitoring vegetation conditions, the window size 
from the second step of the aforementioned algorithm needs to be adapted to backward use only (as future 
values are not known in real time operation).
Settings considered as optimal for operational monitoring of drought using LINCOLN (minimum threshold 
2,500) and SOS (absolute NDVI threshold 4,500) have been chosen with respect to the specific agricultural 
land. It remains a question whether other land-cover classes would require different optimal settings. This 
needs to be investigated further.
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abStRaCt
Vegetation indices sensed by satellite optical sensors are valuable tools for assessing vegetation conditions 
including field crops. The aim of this study was to assess the reliability of regional yield predictions based 
on the use of the Normalized Difference Vegetation Index and the Enhanced Vegetation Index derived from 
the Moderate Resolution Imaging Spectroradiometer aboard the Terra satellite. Data available from the year 
2000 were analysed and tested for seasonal yield predictions within selected districts of the Czech Republic. 
In particular, yields of spring barley, winter wheat, and oilseed winter rape during 2000–2014 were assessed. 
Observed yields from 14 districts were collected and thus 210 examples (15 years within 14 districts) were 
included. Selected districts differ considerably in soil fertility and terrain configuration and represent a tran-
sect across various agroclimatic conditions (from warm/dry to relatively cool/wet regions). Two approach-
es were tested: 1) using 16-day temporal composites of remotely sensed data provided by the United States 
Geological Survey, and 2) using daily remotely sensed data in combination with an originally developed 
smoothing method. Yields were predicted based on established regression models using remotely sensed 
data as an independent parameter. In addition to other findings, the impact of severe drought episodes within 
vegetation was identified and yield reductions at a district level were predicted. As a result, those periods with 
the best relationship between remotely sensed data and yields were identified. The impact of drought con-
ditions as well as normal or above-normal yields of the tested field crops were predicted using the proposed 
method within the study region up to 30 days prior to harvest. It could be concluded that remotely sensed 
vegetation condition assessments could be an important part of early warning systems focused on drought. 
Such information should be made widely available to various users (decision makers, farmers, etc.) in order 
to improve planning and business strategies but also target drought relief in case of a major drought event.

IntRoduCtIon
Remotely sensed data can be used to assess vegetation conditions for certain landscape points or throughout 
regions. The possibility for spatial and temporal continuity is a great advantage to this approach. For such 
purposes, so-called vegetation indices based on surface reflectance can be used. Various tasks such as as-
sessing phenology (e.g. Reed et al. 1994), monitoring vegetation stress including drought stress (e.g. Brown 
et al. 2008), and estimating and forecasting agricultural yield (e.g. Moriondo et al. 2007, Mkhabela et al. 
2011) may be carried out using these indices. The main aim of this study was to compare several approach-
es using remotely sensed data to forecast regional field crops yields. District yields of spring barley, winter 
wheat, and winter rape were estimated using the Normalized Difference Vegetation Index (NDVI) and the 
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Enhanced Vegetation Index (EVI) as 16-day composites derived from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) aboard the Terra satellite. In addition, the use of daily NDVI and two-band EVI 
(EVI2) values was tested.

mateRIalS and methodS
Analysis was conducted at a district level focused on processing and using remotely sensed data (from the 
MODIS) to forecast regional yields. For this purpose, average yields from 2000 to 2014 within 14 districts of 
the Czech Republic were used. The NDVI and EVI (see equations 1 and 2) at 250 m resolution were down-
loaded as 16-day composites (i.e. using the highest values within consecutive 16-day periods) from https://
lpdaac.usgs.gov/ (provided by the United States Geological Survey). Additionally, the necessary bands for 
the daily NDVI and EVI2 (equation 3) were downloaded at 250 m resolution. For the 16-day composites, 
values for each time step and district were averaged from grids identified as arable land. For daily NDVI and 
EVI2 values, an originally developed smoothing procedure (to reduce the effects of atmospheric conditions 
and cloudiness) was used for data rows within each grid (250 × 250 m) separately. The smoothing proce-
dure consisted of several steps. In the first step, unlikely sudden drops within daily data were excluded as 
probable errors. For this purpose, daily values observed within preceding 10-day windows were evaluated. 
Excluded data was the replaced by interpolated values (a linear function) from correct NDVI or EVI2 values. 
Information about quality flags was not used. Values were then averaged into weekly time steps for grids iden-
tified as arable land in each district. Subsequent analysis used data from 5 March to 27 July for composites 
and from 1 March to 1 August for weekly time steps (originally based on daily values). Due to technical prob-
lems (unambiguously unrealistic values), 2003 was not included within the EVI2 analysis.

Subsequently, all possible combinations of timing and period lengths of remotely observed data were cor-
related with reported district yields. In the next step, suggested regression models (linear functions with re-
motely sensed data as independent variable) were evaluated using mean bias error (MBE) as a parameter of 
systematic error and root mean square error (RMSE) as a parameter for absolute error (Davies & McKay 
1989). 

ReSultS
Fig. 1 displays the maximum achieved Pearson correlation coefficients between remotely sensed data and 
yields. The situations for spring barley, winter wheat, and winter rape are depicted. Results describing the lev-
el of correlation are presented for several cases: i) one regression for all districts and years, ii) separate regres-
sions for each district (including all years), and iii) separate regressions for each year (including all districts). 

NIR (near infrared), RED (visible red), and BLUE (visible blue) are surface reflectance; L = 1; C1 = 6; C2 = 7.5; and G = 2.5.
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An example yield estimate evaluation (based on daily NDVI data between 18 April and 24 July) for the Vyškov 
and Brno districts with a combination of spring barley and winter wheat is shown in Fig. 2. In these cases, 
MBE was 0 and RMSE varied from 0.59 to 0.64 t ha−1.

Fig. 1:  Maximum achieved Pearson correlation coefficients between district yields of spring barley, winter wheat, and winter 
rape and derived values of NDVI and EVI (as 16-day composites) and NDVI and EVI2 (as daily values). 

Fig. 2:  Evaluation of spring barley and winter wheat yields estimates. The situation within the Vyškov and Brno districts for 
2000–2014 is depicted. Estimates are based on daily NDVI values observed from 18 April to 24 July each year.

dISCuSSIon
Despite the simplicity of the linear regression between remotely sensed data (as independent variable) and 
yields (as dependent variable), the method resulted in promising accuracy at the district level even in com-
parison with more sophisticated approaches (e.g. Moriondo et al. 2007). Further improvement would be 
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achieved if analysis was conducted at sub-district levels, but this is limited by the availability of yield data 
for such spatial units. Based on the results achieved, it can be concluded that the introduced methods could 
be used to assess field crops’ vegetation conditions and forecast their seasonal yields. It was proven that the 
smoothing method used within the daily NDVI and EVI2 data did not erase some proportion of the signal. As 
a result, daily products (e.g. converted into a weekly updated product) could be considered more proper for 
various applications (e.g. as a part of a drought monitoring system) because they could be updated in an op-
tional time step. Based on a comparison of yields and remotely sensed data, some uncertainty still remains, 
which is possibly connected with the original MODIS resolution (250 m). Although it is quite challenging to 
use data with higher spatial resolutions (e.g. from Landsat or Sentinel-2 in future), such use holds great po-
tential for yield forecasting and should be explored in coming years.
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abStRaCt
The main objective of this study is to obtain a comprehensive assessment of the environment on the Vostochny 
spaceport’s large territory using remote sensing data. Time series satellite and airborne data enabled us to an-
alyze the landscape elements that were under active construction. A methodology for comprehensive envi-
ronmental assessment was developed and applied to the study area. The methodology included ecological 
zoning of the territory based on the degree of anthropogenic intensity using original software. The results 
showed that (1) the level of anthropogenic load increased by 21% from 2013 to 2014, (2) the environmental 
stability index area decreased by 21%, and (3) the relative tension index of the territory’s environmental situ-
ation decreased by more than 25%. 

IntRoduCtIon
The development of new territories is impossible without analysis and environmental monitoring of ecologi-
cal objects prior to impact and during active operation. The main purpose of environmental monitoring is 
to minimize potential anthropogenic impacts on the environment. Environmental monitoring includes the 
monitoring of landscape elements; assessment, prediction, and presentation of current information about 
the environmental situation for management decisions; and detection of environmental irregularities. 
Remote sensing data is widely used today for informational support of the environmental monitoring of large 
territories, because it is a relatively inexpensive and rapid method for acquiring information over large geo-
graphical areas and is the only practical way to obtain data from inaccessible regions. Archival and current 
satellite and airborne data have been employed for environmental monitoring in various studies (Kondratyev 
2012, Marconcini et al. 2013), but these works have been limited to identifying negative impact factors with-
out forming a comprehensive environmental assessment.
The environmental monitoring system for the Vostochny spaceport was created prior to the spaceport’s 
construction phase and included a range of ground-based hardware and software technology (Alekseev & 
Sambros 2012). Descriptions of landscapes and ecological communities of the spaceport’s territory have 
been made only for key areas (Puzanov & Alekseev 2009), and that did not enable presentation of spatial 
distribution and properties of vegetation and infrastructure objects. Moreover, the system for environmental 
monitoring of the Vostochny spaceport was presented without remote sensing data, despite the spaceport’s 
large and in places inaccessible area. It should be noted that a map of terrestrial ecosystems developed by 
the Department of Satellite Monitoring Technologies at the Space Research Institute reflects to some extent 
the spatial distribution of the main vegetation types, but it is not possible to analyze individual facies due to 
the map’s low (1 km) special resolution (Bartalev et al. 2003). Therefore, it was important to acquire more 
precise information on species composition and forest frontier in order to assess the self-healing capacity of 
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the territory under the current and projected anthropogenic loads. The objective of the study was to obtain 
a comprehensive assessment of the environment of the Vostochny spaceport’s large territory using remote 
sensing data and a developed methodology of ecological zoning in accordance with the degree of anthropo-
genic intensity.

mateRIalS and methodS
Study area. The Vostochny spaceport is located at the 51st parallel north in the Amur Oblast in the Russian Far 
East and Outer Manchuria (51°49’N 128°15’E). The area of the spaceport and surrounding territory is approxi-
mately 440 km2. The landscape is covered with forest composed of deciduous (mainly birch (Betula costata L.) and 
oak (Quercus mongolica L.)) and coniferous (mainly larch (Larix cajanderi L.) and pine (Pinus sylvestris L.)) trees. 
Soils are sod-podzolics and waterlogged soils with poor drainage. The hilly surface is at altitude 240–280 m a.s.l.
Data. We used satellite time series Landsat-5 and Landsat-8 data from August of 2004, 2010 and 2014, hy-
perspectral images from the Resurs-P satellite from 2013 (spectral range 0.4–1 μm, spectral resolution 5–10 
nm, spatial resolution 30 m), and multispectral images from the Kanopus-V satellite from 2014 (spectral 
range 0.45–0.52, 0.51–0.60, 0.61–0.69, 0.75–0.84 μm; spatial resolution 3 m). Airborne data were acquired 
by the Malahit thermal scanner (8–14 μm, angle of view 1.3 μrad, sensitivity 0.1 K), the Fregat hyperspec-
tral scanner (spectral range 0.4–1 μm, spatial resolution 2 m, spectral resolution 7 nm), and a digital camera 
(Hasselblad H4D-50, Sweden; RGB, spatial resolution 0.5) in 2013. Field measurements of the spectromet-
ric characteristics of various landscape elements and their negative changes were performed to calibrate and 
interpret airborne data by a FieldSpec spectroradiometer 3.0 (ASD, USA; 0.35–2.5 μm, spectral range 3–10 
nm) and a Termopoint-40 portable pyrometer (8–14 μm).
Software. ENVI 5.0 software and the ArcGIS 10.2 geographic information system (GIS) were used to pro-
cess multispectral satellite and airborne data and the presentation of the territory’s environmental assessment. 
Original software developed by the St. Petersburg Institute for Informatics and Automation of the Russian 
Academy of Sciences was used to process hyperspectral and thermal data. The software implemented tech-
niques for recognizing water pollution, solid waste, and hydrocarbons, as well as identifying forest defoliation 
and the spectral library of objects taking into account vegetation phenology (Grigorieva & Chapursky 2012).
Method of environmental assessment. The ecological characteristics of the study area’s main landscape com-
ponents (forest cover, water bodies, and soil cover) were estimated based on processed satellite, airborne, and 
field data. Quantitative assessments of the state of these landscape components were the main source of data 
for comprehensive assessment of the situation regarding the spaceport territory.
The comprehensive environmental assessment was represented as a territorial division based on the degree 
of anthropogenic intensity (I) by means of GIS. I is an evaluation of the ecosystem’s balance based on the de-
gree of anthropogenic transformation (R) and potential stability (S): good, satisfactory (destruction of sensi-
tive species), tense (structural changes), crisis, and catastrophic (destruction of the ecosystem). To map I, the 
spaceport territory was covered with a grid of elements of 1 km2, with each element containing a description 
of the environmental conditions of vegetation, water areas, and land cover obtained from processed satellite 
and airborne images. R was estimated as a weighted sum of the degree of pollution and negative impacts rep-
resented within each grid element depending on the threat to the environment. The threat to the environment 
factor was developed based on a hierarchy method and enabled the ranking of risk objects and assignment 
of environmental pollution categories in their position areas. The need to use the weighting factors related to 
the fact that the spaceport’s objects varied greatly as to their effect on the environment and the significance of 
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these impacts on the landscape. The weighting factors reflect the severity of the infrastructure or the extent of 
the identified negative impacts or pollution:

where n is the number of natural objects in the grid element; m is the number of infrastructure objects in the 
grid element; wij are weighting factors taking into account the maximum impact of the infrastructure object 
(i) on intensity j; wij is the average impact coefficient of i; sio is the area of i within the grid element; sc is the grid 
element’s area; and sj/5 is an inversely proportional value for the degree of the effects on vegetation, water 
bodies, and soil. The stability of ecosystem S was expressed in the forest, which is an important indicator of 
the ecological state of the territory and characterizes the ecosystem’s adaptive capacity so as to identify pro-
jected anthropogenic load. We used vegetation biomass (B), ecosystem stability index (S), and exergy as in-
dicators of the ecosystem’s state. B was estimated based on satellite imagery. The method includes the classi-
fication of species composition, parameters of the carbon energy balance, estimation of crown density, tables 
of growth and productivity of the main tree species’ plantations. The stability of the ecosystem was calculated 
according to the formula:
S = (B*NPP) / R, (2)
where R is the energy of absorbed radiation and NPP is productivity. The ecosystem’s status was determined 
from the ecosystem’s exergy parameter estimation using archival satellite imagery before the spaceport’s 
construction process began. The comprehensive index I characterized the relative tension of the environmen-
tal situation on the territory (Izrael 1979):
I = Sf / Sa,   (3)
where Sf  is the area of intact lands and Sa is the area of anthropogenically transformed territory. Finally, an inter-
polation map of the environmental status of the spaceport territory was formed using these R, S, and I indicators.

ReSultS 
A map of seven classes of vegetation was created: dense deciduous forest, young leaf forest with an estimated 
coverage of more than 70%, mixed forest with an estimated coverage of more than 50%, burned forest, mostly 

Fig. 1:  A fragment of the map of ecological 
zoning according to the relative ten-
sion index of the environmental situ-
ation on the territory (I)



53

coniferous mixed forest, mostly deciduous mixed forest, and coniferous forest. The calculated indicators of 
the degree of anthropogenic load (R), the index of ecosystem stability (S), and the relative tension index of the 
environmental situation on the territory (I) were represented on the map by means of GIS as separate layers 
(Fig. 1 shows the I layer). Table 1 presents estimates of the indicators. 

Table 1: Indicators of ecological state. 

dISCuSSIon
The proposed methodical approach enabled us to obtain a comprehensive environmental assessment of the 
spaceport’s territory. Analysis of the main indicators characterizing the state of the environment (Table 1) 
leads to the following conclusion. The level of anthropogenic load (R) increased by 21% from 2013 to 2014, 
which is objectively related to an expansion of the spaceport’s construction. However, the environmental sta-
bility index area (S) decreased by 21%. Uncontrolled decrease in forest area and vegetation biomass due to 
fire is the main reason for this change. The relative tension index of territory’s environmental situation (I) de-
creased by more than 25%. This fact indicates the presence of direct forms of environmental pollution (solid 
waste dumps and oil spills).
The proposed method of environmental assessment may be adapted and used for areas of approximately 100 
km2 located in areas with strong human impacts. Further research will focus on assessing object-indicators 
other than forest cover, such as soil cover and wetlands, using remote sensing data. This method of com-
prehensive environmental assessment can be improved by developing specific algorithms to process remote 
sensing data and extending the libraries of the landscape elements’ spectral features.
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Indicator 2010 2013 2014

I, r elative tension index 0.7 0.72 0.54

R,  degree of anthropogenic load 75 80 97

S,  ecosystem stability 0.65 0.64 0.50

Assessment of ecological situation Satisfactory Satisfactory, close to tense Tense
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abStRaCt
Flux footprint is an upwind area where the atmospheric flux measured by an instrument is generated. 
Footprint size depends on measurement height, surface roughness, and atmospheric thermal stability. Our 
study focused on the flux footprints of four CzechGlobe ecosystem stations in a wetlands area, an agroecosys-
tem, and young and mature spruce forests. Our aims were to prove that the sites were suitable for eddy cova-
riance measurement and compare flux footprints under various atmospheric thermal conditions: stable, neu-
tral, and unstable. Two computational models were used: the Kormann–Meixner (2001) and Kljun (2004) 
models. The outputs were processed graphically in site maps.

IntRoduCtIon
The eddy covariance technique is the most direct method for measuring turbulent exchanges between eco-
systems and the atmosphere. Proper interpretation of flux measurements is essential and depends on good 
knowledge of the instrumentation and measurement principles. The first thing to know prior to interpreting 
flux measurements is the study site’s footprint. The outreach of the ecosystem cover should be longer than the 
footprint’s extension. If this condition is not fulfilled, the data need to be treated in a special way. 
The footprint of a turbulent flux measurement defines the spatial context of the measurement, i.e. the area of 
surface sources and sinks contributing to the total measured flux.  
Every point or area source may potentially contribute to the concentration or flux profile downwind to a de-
gree that varies with the distance from the instrument locations, observation elevation, turbulent boundary 
layer characteristics, and atmospheric stability (Schuepp et al. 1990).
Many footprint models use a stochastic Lagrangian approach, an analytical approach, or an approach based 
on large eddy simulation. We chose EddyPro open source software for data processing, including to compute 
the footprint, to apply the Kljun model (Kljun et al. 2004), which is based on a Lagrangian approach, or the 
analytical Kormann–Meixner model (Kormann & Meixner 2001). 
The aim of our study was to evaluate the flux footprint of four CzechGlobe ecosystem stations in different at-
mospheric thermal conditions. The sites represent ecosystems common for the Czech Republic: young and 
mature spruce forests, a wetlands area, and an agroecosystem.

mateRIalS and methodS
The four sites analyzed in our study are in ecosystems typical for the Czech Republic: a young spruce forest 
(Bílý Kříž, Beskid Mounatatins, 49°30’N, 18°32’E, 890 m a.s.l.), a mature spruce forest (Rájec, 49°29’’N, 
16°43’E, 640 m a.s.l.), a wetlands area (Třeboň, 49°01’N, 14°46’E, 426 m a.s.l.), and an agroecosystem 
(Křešín u Pacova,  49°35’N, 15°05’E, 534 m a.s.l.). For more details on the sites, see Marek et al. (2011).
The footprint is the fraction of the upwind surface containing effective sources and sinks contributing to a meas-
urement point. Mathematically, it can be defined as follows: Consider the coordinate system such that the x-axis 
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is pointing against the direction of the wind and the sensors are located at (0,0,zm),  where is zm measurement 
height. The footprint function f(x,y,z) describes the flux at (0,0,z) caused by a point source at (x,y,0). 
In the cross-wind integrated model used in EddyPro, the footprint function is given by the following equation 
(Kormann & Meixner 2001)

where ξ=ξ(z) denotes flux length scale,  μ is a model dimensionless constant, and Γ(μ) is the gamma function.
The other model, which uses a stochastic Lagrangian approach (Kljun et al. 2004), computes the footprint 
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ReSultS
For each site, three footprint curves were computed according to atmospheric stability conditions. 
The proportions of stability conditions were as follow: in the mature spruce forest in Rájec – 22% unstable, 
52% neutral, and 26% stable; in the young spruce forest in Bílý Kříž – 32% unstable, 30% neutral, and 38% 
stable; in the agroecosystem in Křešín u Pacova – 28% unstable, 52% neutral, and 20% stable; and in the wet-
lands in Třeboň – 32% unstable, 30% neutral, and 38% stable. The distribution of stability conditions fol-
lowed the course of the day, with stable conditions occurring mostly at night and unstable conditions during 
the day. 
For all sites, the footprint curves for neutral and unstable conditions covered mostly only the studied ecosys-
tem (dashed and dotted lines in Figs. 1 and 2). Under stable atmospheric conditions, the footprint curve en-
croached outside the border of the studied ecosystem in certain wind directions (solid lines in Figs. 1 and 2). 

Fig. 2:  Footprint curves for (A) agroecosystem in Křešín u Pacova, and (B) wetlands in Třeboň. Solid lines indicate results for 
stable conditions, dashed for neutral, and dotted for unstable. The studied ecosystem for (A) is light in color. 

dISCuSSIon
Each investigated ecosystem site had different wind and turbulent characteristics (data not shown) connect-
ed to footprint features. Křešín u Pacova and Třeboň are situated in plains and the footprints there were more 
or less circular. In Křešín u Pacova, there was a problematic grassy area in the south, southeast, and east of 
the footprint under stable conditions. The wind came relatively frequently (15% of stable atmospheric condi-
tions) from this area. Flux data during unstable conditions reached the grass under conditions of southerly 
winds (8% of unstable conditions). Generally, the south, southeast, and east wind directions should be treated 
with care while processing flux data.
Třeboň had much lower wind speeds (average 1.5 m s−1) than did Křešín u Pacova (average 4 m s−1) and 
the footprint was smaller even though the eddy covariance system was placed at the same height above the 
ground (2.5 m). The most frequent wind directions were from the south–southwest, south, and southeast 
(30% of all wind). Other prevailing wind directions were northwest (25% of all wind). No data from the un-
stable and neutral conditions were eliminated from data processing (62% of all atmospheric conditions). This 
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data represented the studied ecosystem. Although the stable footprint included an area across the river and 
one must accordingly be attentive in processing flux data, wind from this direction occurred only infrequently 
(10% of stable conditions).
Although Rájec is situated on a modest slope, and the surrounding landscape is patchy with varying sur-
face roughness, the footprint for unstable and neutral conditions nevertheless covered the studied forest. The 
footprint under stable conditions (mostly at night) was elongated to the northeast and east. The measured 
data then included an agricultural field and thus should be excluded from further flux analysis. The amount 
of such data was not crucial, because the wind infrequently from these directions (14% of stable atmospheric 
conditions). The unstable and neutral footprints covered the studied ecosystem well.
Bílý Kříž is situated on a slope near the edge of a mountain. Due to flow modification by terrain, south winds 
prevailed at the locality (40% under all atmospheric conditions) and the south footprint was also preferable, 
as it covered the young spruce forest and had minimal terrain disturbances. Data from north winds should be 
treated with care due to the effect of the ridge. 
To conclude, all studied ecosystem sites had a source area within the studied ecosystem under unstable and 
neutral stability conditions (62–80% of yearly 30-min data). Footprints under stable conditions sometimes 
extended beyond the studied ecosystems (southeastern part in Křešín, eastern part in Rájec) or could be dif-
ficult to interpret (north winds at Bílý Kříž). Data from these conditions were generally nighttime data that 
already were treated with special care due to nighttime CO2 flux underestimation. These data were typically 
excluded from flux analysis and gap-filled.
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abStRaCt
Estimation of matter and energy exchange using the eddy covariance method is often organized into region-
al or global networks. To achieve comparability among sites, it is important to standardize and specify the 
methodology used. Currently, quality control (QC) is one of the most time-demanding steps in data process-
ing within the Czech Carbon Observation System. Although manual QC (MQC) enables consideration of 
more complex test applications, it is often difficult to document. The aim of this study was to establish an au-
tomated QC (AQC) scheme based on available literature and post-processing software and test its effectiv-
ity and reliability on sites comprising an agroecosystem and a mature European beech forest. AQC success-
fully flagged low-quality CO2 fluxes and provided estimates of net ecosystem productivity similar to estimates 
based on MQC. The tests’ efficiency was particularly high for the agroecosystem, where AQC removed 13% 
less data than did MQC. We conclude that the adopted AQC displays satisfactory performance, especially for 
sites with low canopy heights.

IntRoduCtIon
The eddy covariance (EC) method enables long-term observations of heat, water, and carbon dioxide (CO2) 
exchange between the atmosphere and biosphere under the conditions of a changing climate. EC towers 
are often organized into networks either on a continental scale, e.g. the Integrated Carbon Observation 
System (http://www.icos-infrastructure.eu/) and the National Ecosystem Observatory Network (www.
neoninc.org), or a national scale, e.g. the Czech Carbon Observation System (http://www.czecos.cz/
en.html) and Terrestrial Environmental Observatories (http://teodoor.icg.kfa-juelich.de/overview-en). 
Achieving intercomparability among sites presents a challenge for unifying data processing methodolo-
gies, i.e. raw data post-processing, quality control (QC), and gap-filling of missing data (Aubinet et al. 
2012, Foken et al. 2012). 
Quality assurance tests proposed by Foken & Wichura (1996) (e.g. a steady-state test and a developed turbu-
lent conditions test) are implemented in all up-to-date post-processing software. However, these are not suffi-
cient to account for unrealistic fluxes. There is not yet any universally accepted set of tests for EC flux QC, but 
an effective QC scheme for automated QC (AQC) has already been presented (Mauder et al. 2013). It relies on 
information extracted from measured high-frequency data and their half-hourly products. This is in contrast 
with the spike detection method proposed by Papale et al. (2006) that looks for outliers in half-hourly data 
by comparing data points with their neighbours. Manual QC (MQC) generally includes more tests than does 
AQC but it applies these tests selectively based on visual inspection. 
Establishing AQC would improve the reproducibility of EC data post-processing and accelerate its delivery. 
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In this study, we therefore aimed to assess the effectivity and reliability of an approach adopted to flag low-
quality half-hourly CO2 flux data. 

mateRIalS and methodS
For the analysis, we selected two site years from ecosystems with contrasting canopy heights, an agroeco-
system (a wheat field in Křešín u Pacova, Czech Republic) and a mature European beech forest (Štítná nad 
Vláří-Popov, Czech Republic). Both datasets were measured during 2013. In the original study, Mauder et 
al. (2013) applied the tests by using the TK3.1 post-processing software (Mauder & Foken 2011). Although 
we used EddyPro software (Li-Cor, USA), most of the corresponding tests were applicable. AQC consisted 
of evaluation of instrument diagnostics, control of plausibility limits (thresholds according to Mauder et al., 
2013), evaluation of the percentage of missing high-frequency values within a half-hour (10% allowed), a 
combination of a steady-state test and a test of integral turbulence characteristics (Foken & Wichura 1996), 
a test of the mean residual vertical wind component to flag periods with vertical advection, and a test for the 
interdependence of sensible heat, latent heat, and CO2 flux flags due to corrections/conversions (summarized 
in Mauder et al. 2013). 
The spike detection method was based on the approach described in Papale et al. (2006). It applies a dou-
ble-differenced time series using the median of absolute deviation about the median (z = 7; threshold value).
MQC combined a steady-state test and a test of integral turbulence characteristics (Foken & Wichura 1996), 
evaluation of instrument diagnostics, control of plausibility limits (based on experience), and a comparison 
with different meteorological variables and adjacent half-hours.
Net ecosystem productivity (NEP) was estimated using marginal distribution sampling according to 
Reichstein et al. (2005). u*-filtering was calculated as described in Papale et al. (2006) and applied only to the 
mature beech forest site. (Both methods are available online at http://www.bgc-jena.mpg.de/~MDIwork/
eddyproc/.)

ReSultS
The AQC scheme removed 13% less data for the agroecosystem than did MQC with a difference in NEP of 
only 70 kg(C) ha−1 year−1. Applying the spike detection method removed an additional 2% of data and in-
creased the difference in NEP to 168 kg(C) ha−1 year−1. To better resolve differences among these three ap-
proaches (MQC, AQC, and AQC with spike detection), monthly NEP values were estimated (Fig. 1a). With 
the exception of May and July, all monthly NEP values were very similar. The most important tests for this 
site were the evaluation of instrument diagnostics (11.5% of flagged values) and the test of CO2 flux interde-
pendence (28.2% of flagged values).
In the case of the mature beech forest, AQC discarded 12% more CO2 flux values than did MQC with a differ-
ence in NEP of 502 kg(C) ha−1 year−1. Utilizing spike detection for the beech forest resulted in only a marginal 
decrease in available data, but decreased the difference in NEP estimates between the two QC schemes to 169 
kg(C) ha−1 year−1. The monthly resolved NEP for this site showed very similar values for all QC strategies with 
exception of July (Fig. 1b). In this dataset, evaluation of instrument diagnostics removed 9.7% of flagged val-
ues, the test of the mean residual vertical wind component removed 23.4%, and the most important test was 
again the test of CO2 flux interdependence which removed 47.3%. 
As can be expected from their general application, the steady-state test and test of integral turbulence charac-
teristics played a pivotal role in all QC schemes for both sites. Due to their wide acceptance in the community, 
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they are not discussed further. It is also important to note that the percentages of flagged values are not cumu-
lative, i.e. a particular half-hour can be flagged by multiple tests.

Fig. 1: Monthly NEP estimates for three QC treatments in (a) an agroecosystem and (b) a beech forest. 

dISCuSSIon
Monthly NEP values were in general agreement across individual QC strategies (Fig. 1). This indicates that 
the number of flagged values was not excessive and was sufficient to compute reliable estimates of monthly 
NEP. However, the amount of removed data was considerable in the beech forest dataset particularly due to 
the strict test of the mean residual vertical wind component and the test of CO2 flux interdependence. Detailed 
analysis of half-hourly data showed that the biggest differences in NEP estimates between AQC and MQC 
were due to the presence of extreme values within a month. Although applying the spike detection method af-
ter AQC improved the comparison of yearly NEP with MQC for the beech forest, this method should be used 
with caution because it can remove potentially very interesting data points. Extreme values can have a consid-
erable effect on gap-filling procedures, but they may still represent realistic processes within the ecosystem 
(Mauder et al. 2013). We conclude that the adopted AQC displays satisfactory performance, particularly for 
sites with low canopy heights.
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abStRaCt
Water plays a key role in the functionality and sustainability of ecosystems. In light of predicted climate 
change, research should focus on the water cycle and its individual components. The main component of 
water balance driving water from ecosystems is evapotranspiration (ET). One standard method for meas-
uring ET is the Bowen Ratio/Energy Balance (BREB) method. It is based on the assumption that water va-
pour and heat are transported by identical eddies with equal efficiency. When using the BREB method, we 
assume that the profiles of temperature and air humidity are ideally logarithmic or at least consistent. Since 
the BREB method is usually based on measurements of temperature and humidity at only two heights, it is 
difficult to verify whether this assumption has been fulfilled. Potential profile inconsistencies are more likely 
for temperature because the sensible heat flux changes its sign more often and negative latent heat flux is not 
physically possible during positive sensible heat flux. We therefore conducted a field experiment using a 4-m-
high measurement mast with 20 thermocouples for detailed measurement of air temperature profiles above 
different covers, e.g. grassland, spring barley, and poplar plantations. Our main objective was to investigate 
the basic assumptions of the BREB method, i.e. the temperature profile’s consistency under various weather 
conditions. To be more specific, we aimed to investigate whether inflexion points occurred within the tem-
perature profile and if so when.

IntRoduCtIon
Water is a key component essential for all ecosystems. In agriculture, evapotranspiration (ET) deserves spe-
cial attention as it is the main factor driving loss in water balance. There are many different methods for deriv-
ing ET. One of the basic methods is the Bowen Ratio/Energy Balance (BREB) method (Bowen 1926), which 
is based on the assumption of logarithmic profiles of temperature and humidity in the surface layer of the at-
mosphere. It is described by Monin–Obukhov similarity theory (Foken 2006). In our study, we aimed to test 
this basic assumption with a 4-m-high measurement mast. The main goal was to find different types of tem-
perature profiles during the day and during the growing season of spring barley (Hordeum vulgare L.). We 
wanted to plot typical nocturnal and diurnal stratifications and situations with an inflexion point, a so-called 
“kink” (Oke 1987). This happens when the temperature profile does not change consistently with height but 
instead creates an inflexion point which cannot be captured using the standard BREB method. In situations 
where the inflexion point occurs between two measuring sensors of a single BREB system, it is impossible to 
estimate the Bowen ratio correctly and therefore to calculate ET properly. Using measurements recorded dur-
ing a field campaign in Domanínek, it was possible to determine when inflexion points occurred. In future, 
measurement error in calculated fluxes will be quantified for the entire season and subsequently minimized. 
We will also broaden the study to test different cover crops. 
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mateRIalS and methodS
The present study was conducted on an experimental field in Domanínek near Bystřice nad Pernštejnem in 
the Bohemian–Moravian Highlands. The data used in this study were recorded during the 2013 growing sea-
son. During the field experiment, a 4-m-high measurement mast with 20 very fine (0.1 mm), fast response 
type K thermocouples was used for detailed measurement of the air temperature profile. The thermocouples 
were connected to a CR1000 data logger (Campbell Scientific, USA) coupled with a thermoelement multi-
plexer developed and produced by W. Laube from the University of Natural Resources and Life Sciences, 
Vienna. Measurement took place over different covers, e.g. oat, grassland, spring barley, and poplar planta-
tions. Sampling interval was 5 s and data were then averaged to 30-min values for further processing. In this 
short paper, several days during measurement over a spring barley field were chosen to examine temperature 
profiles in detail. An automatic weather station was placed near the measurements in order to record the ba-
sic meteorological variables necessary to derive ET using the BREB method (Savage 2010, Todd et al. 2000). 
In particular, temperature and humidity at two heights above the canopy (0.2 m and 1.0 m) were recorded as 
were net radiation (W m−2) and soil heat flux (W m−2). Temperature was measured by thermocouples at 5 s 
intervals and stored as the average every 30 s. These detailed measurements were used to calculate the aver-
age between two thermocouple levels and 30 min averages. Further, the correlation coefficient was calculated 
to describe the relationship between temperature gradients and height. Different times of day were chosen to 
show the various temperature profiles and stratification of the lower atmosphere. 

Fig. 1:  The correlation coefficient of temperature gradients (differences between two closest thermocouples for 19 different lev-
els above ground) and the temperature gradient (°C m−1) for sample days (29 June–2 July and 28 July–30 July 2013) 
on spring barley field in Domanínek.

ReSultS
Three days at the beginning and three days at the end of July are shown in Fig. 1 to describe green and well 
watered barley with high ET as well as mature barley lacking water in the soil at the end of the growing peri-
od. The dashed line represents the temperature gradient per m height. Taking vegetation height (0.7 m) into 
account, the gradient was calculated as the difference between the temperature measured by thermocouple 
1.8 m above the ground and that 0.8 m above the ground. The gradient displayed the highest positive values 
at night when temperature increased with height. In contrast, the lowest values were measured around noon 
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on sunny days when temperature decreased with height and displayed the highest values near the surface. 
The solid line shows the correlation coefficient course describing the linear relationship between tempera-
ture gradients and the logarithm of the measurement height. 

Fig. 2:  Temperature gradients during the day. All figures have the same range (5°C) at the x-axis so as to be graphically com-
parable. Depicted temperature is the average of two levels and error bars show the standard deviation of temperature 
differences between these two levels over a 30-min period. A: typical nocturnal conditions with stable stratification, B: 
near neutral stratification around sunrise, C and D: typical diurnal conditions with unstable stratification, E: morning 
situation with inflexion point, F: evening situation with inflexion point.

Fig. 3:  Zoomed-in temperature profiles during the change of day and night with the same range (2.5°C) at the x-axis. A typi-
cal situation when a “kink” occurs at around 1 m above the surface. A: large standard deviations, B: lower variability 
in the data. 
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The standard deviation of 30 min averages was used for error bars in Figs. 2 and 3. Fig. 2A displays a typical 
nocturnal temperature gradient where temperature increases with height. In contrast, Figs. 2C and 2D show 
typical diurnal conditions with higher temperatures closer to the surface. Higher turbulent mixing and more 
rapid changes in temperature during the day result in high standard deviations, displayed as error bars. Fig. 
2B is an example of neutral stratification near sunrise. Figs. 2E and 2F were chosen to demonstrate the situ-
ation with an inflexion point when the sensible heat flux changed its sign. For a more detailed look at these 
gradients, they are zoomed in and displayed in Fig. 3.

dISCuSSIon
This short study aimed to use detailed temperature profile measurements to display the importance of such 
measurements in assessing the basic assumption of the BREB method. Different climatic conditions were 
chosen for comparison. For example, 28 July 2013 was a day with a clear sky, net radiation up to 550 W m−2, 
and maximum air temperature at 0.9 m exceeding 35.8°C. Temperature gradients decrease during the day 
as the surface is heated by the sun. The gradient on 28 July reached the lowest values (−2.3°C). For com-
parison, on 30 July 2013 the maximum temperature measured at 0.9 m was 26.2°C and the day was cloudy. 
The temperature gradient recorded a lower minimum value (−1.3°C). At night when temperature rises with 
height, the gradient has positive values. Similarly, the correlation coefficient is close to 1 at night and close to 
−1 during the day. Early in the morning and after dusk, the r value is close to 0 and so data quality decreases. 
These are situations when the temperature profile is changing and a “kink” occurs. Fig. 3 displays two mo-
ments of this kind. Fig. 3A shows a profile at 6:00. An inflexion point occurred between 0.4 m and 1.4 m. The 
standard deviations are high, which emphasizes the averaged data’s high variability. In such a situation, we 
would need extremely accurate sensors (up to +/− 0.1°C) to capture the real profile. In our case, sensor bias 
may have influenced the result. Fig. 3B captures a situation with a “kink” in the evening at 21:00. The stan-
dard deviations were much smaller; the difference between the minimum and maximum temperatures at all 
heights was only 0.75°C. 
A profile’s correlation coefficient is a good indicator of the profile’s consistency and data quality. Future ef-
forts should focus on classifying it and relating it to flux errors. Further studies will focus on quantifying the 
error caused by occurrence of an inflexion point in temperature profiles and comparing different crop covers.
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abStRaCt
A montane evergreen broadleaf forest in Bidoup-Nui Ba National Park, Vietnam was selected for a future flux 
study based on a set of standard selection criteria applied to five protected areas in southern Vietnam. This 
pristine natural ecosystem within the park is important for its biodiversity conservation, supporting high lev-
els of plant diversity and endemism and representing the Southern Annamites montane rain forests ecore-
gion. This paper describes general information about the site. Common foggy and calm wind periods can 
pose a challenge for eddy covariance measurements. Since March 2015, measurement of the horizontal wind 
regime at the site has begun to provide information on local prevailing wind directions and calm periods to aid 
in optimizing tower positioning within the site. 

IntRoduCtIon
To date, estimation of forest carbon stock in Vietnam has mostly been based on campaign measurements for 
forest biomass inventory within Reducing Emissions from Deforestation and Forest Degradation (REDD+) 
initiatives. These studies mainly focused on planted forests and offered limited information on forest biomass 
and carbon stocks in Vietnam’s natural forests (Sharma et al. 2013, Vo 2014). Most of the studies used mea-
sured data from sample plots to establish length–volume allometric relationships so as to estimate biomass 
and carbon stocks. Using this approach, it is difficult to capture the continuous exchange of matter and ener-
gy between ecosystems and the atmosphere and relate it to changes in microclimate variables so as to under-
stand the dynamics of climate change impacts. The eddy covariance method offers an effective solution to this 
problem. However, its application is limited in Vietnam, with only one flux study site having been established 
within a lowland semi-evergreen forest in December 2011 (see http://asiaflux.net/ for details). To fill in this 
gap, CzechGlobe and the Institute of Tropical Biology have collaborated since 2012 to promote the study of 
ecosystem carbon flux using eddy covariance methods in Vietnam.
In 2012 and 2013, field surveys were conducted in Cat Tien and Bidoup-Nui Ba national parks within Dong 
Nai River Basin Conservation Landscape (Pilgrim et al. 2006) as well as in three other protected areas in 
an adjacent coastal area in southern central Vietnam in order to select a site for a future eddy covariance 
study. Selection criteria included: 1) representative ecosystem types for Vietnam with typical species com-
position; 2) a homogeneous area with an appropriate fetch and flat terrain; and 3) an accessible site with ac-
cess to the electrical grid and the possibility for it to be secured. Major types of natural forest ecosystems con-
sidered were: coniferous forest, evergreen (including semi-evergreen) broadleaf forest, mixed broadleaf and 
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coniferous forest, deciduous forest, bamboo-rich forest, and mangrove forest. A montane evergreen broad-
leaf forest in Bidoup-Nui Ba National Park which met all the criteria was selected. This forest type covers 30% 
of the park area and represents a pristine natural habitat of the much larger Southern Annamites montane 
rain forests ecoregion covering 50,000 km2 in Laos and Vietnam (Wikramanayake et al. 2002). The ecosys-
tem holds significant importance for biodiversity conservation, watershed protection, and carbon storage in 
the landscape (detailed information in the Discussion section). 
This paper describes the site’s forest structure and the initial results of wind condition assessment, within 
which prevailing wind directions and calm periods were monitored. The site is located in a small valley with 
surrounding mountainous terrain near an open area of experimental fishponds. The wind condition analysis 
helped optimize tower positioning within the site in order to avoid possible future problems with flux mea-
surement footprints covering adjacent areas with different land use and land cover types outside of the tar-
geted ecosystem.

mateRIalS and methodS
Site description

The evergreen broadleaf forest investigated is located in Central Highlands of Vietnam (12°10’24’’N 
108°41’51’’E) at ca 1,500 m a.s.l. in Bidoup-Nui Ba National Park. Under the tropical monsoon climate, 
there are two distinct seasons: a rainy season from April to October (with prevailing southwesterly wind) and 
a dry season from November to March the following year (with prevailing northeasterly wind). Sum of global 
radiation is 4.8 GJ m−2 year−1 with a maximum in March, lower values during the rainy season, and a mini-
mum in September (Forest Inventory and Planning Institute 2004). This area has a warm (annual mean air 
temperature 18°C) and humid (annual mean relative air humidity 85%) climate with high annual precipita-
tion (>1,800 mm) (Pilgrim et al. 2006).

Method of initial wind regime assessment

Since March 2015, a WindSonic Option 3 2-D wind sonic anemometer (Gill Instruments, UK) with a RailBox 
V16 data logger (EMS Brno, Czech Republic) was deployed at the site, 1.5 m above the top of the forest cano-
py, to evaluate local wind conditions to enable proper positioning of a flux tower at the site so that it would not 
be affected by neighboring ecosystems or infrastructure. Without a proper tower, the sensor was positioned 
in the roughness sublayer just above the canopy and measured wind speed data in this sublayer tends to be 
lower than are those at the height where the future eddy sensors will be placed. Underestimated wind speeds 

Layers Height
m Typical species

Emergent layer 25–30 Pinus krempfii, Quercus spp., Pinus dalatensis, Dacrydium elatum

Canopy layer 18–22 Symplocos spp., Symingtonia populnea, Castanopsis spp., Schima wallichiana, Elaeocarpus bidoupensis, 
Lithocarpus spp.

Understory tree canopy 7–15 Eurya japonica, Illicium griffithii, Garcinia spp., Cyathea spp.

Understory shrub layer 1–5 Psychotria spp., Allomorphia arborescens, Ardisia spp.

Herbaceous/forest floor layer 0–1 Selaginella spp., Justicia adhatoda, Pentaphragma spp., Chirita spp., Begonia spp., Didissandra evrardii

Table 1:  The forest’s five distinct vertical layers. Other species of lianas and vines (e.g., Gnetum montanum, Tetrastigma plani-
caule) as well as orchids are also common in the forest.
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can affect estimation of footprint length. For this reason, we used a common footprint length for forest eco-
systems of about 400 m (Burba 2013). 

ReSultS
Forest composition and structure. This montane evergreen broadleaf forest is dominated by species in the 
Fagaceae and Lauraceae families, including Castanopsis spp., Lithocarpus spp., Quercus spp., Cinnamomum 
spp., and Litsea spp. (Tordoff et al. 2004). The forest has from four to five distinct vertical layers (Table 1).

Wind conditions

The first wind data measured from the proposed flux tower site in Bidoup-Nui Ba National Park over a 28-day 
period during 4–31 March 2015 showed a diurnal cycle pattern in the wind regime (Figs. 1 and 2). Calm wind 
periods, defined by wind speeds less than 1 m s−1 where turbulence is not well-developed (Burba 2013), often 
occurred at night from 21:00 to 03:00. Other times of the day, wind speeds were greater than 1 m s−1 and so 
represented speeds suitable for eddy covariance measurements. Winds were much stronger in the afternoon 
to evening, with the strongest winds coming from the east and southeast. For this period, prevailing winds 
blew from the south and southeast. 

Fig. 1: A wind rose for a 28-day period in March 2015.

Fig. 2: The first wind data measured in March 2015 from the selected site in Bidoup-Nui Ba National Park.
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dISCuSSIon
Bidoup-Nui Ba National Park is one of four national biodiversity centers in Vietnam and one of 221 Endemic Bird 
Areas in the world. The park is located in the headwater area of the Dong Nai River, which flows through some of 
the largest economic centers in Vietnam including Ho Chi Minh City and Biên Hòa. It is a part of a continuous nat-
ural forest area of over 200,000 ha and is part of the Southern Annamites montane rain forests ecoregion, which 
has not yet undergone any flux tower study. To date, the first and only flux tower in Vietnam is in a lowland semi-
evergreen forest. The montane evergreen broadleaf forest has faced threats from logging and conversion to other 
land use types and now from global warming impacts. A flux study of this ecosystem would help in understanding 
its role in current REDD+ initiatives in Vietnam and improve its management to ensure that this type of forest will 
be conserved for future generations. 
Preliminary data and supplementary information have been gathered to help better understand the site’s environ-
ment and effectively design the flux study station. The eddy covariance method requires well-developed turbulence 
such that other mechanisms of transport (e.g., molecular diffusion and advection) are negligibly small (Burba 
2013). Wind data measured in March 2015 showed a diurnal cycle pattern with calm wind periods often occurring 
at night and wind directions gradually shifting from easterly to southerly. April is expected to be the calmest time 
of year given its period of changing wind directions and the onset of rainy season. Based on the common pattern of 
the main monsoon wind directions (northeasterly and southwesterly) and their contributions in terms of flux foot-
prints, the wind study site should be moved ca 400 m to the southeast so as to avoid northeasterly winds coming 
from the fishery area. The small valley has just enough room for such adjustment.  The selected location meets all 
essential requirements for establishing a new eddy covariance site.
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abStRaCt
Nepal has a biogeographically unique location, which results in a high diversity of vegetation in both north–
south and east–west directions. Here we aim to determine the distribution patterns of the largest plant fam-
ily in Nepal, the Orchidaceae. There are 476 orchid taxa known from Nepal, belonging to 107 genera, 454 
species, and 22 infrageneric taxa. We found that out of six floristic regions, the East Asiatic floristic region 
(EAFR) displays the highest number of species (275 species, 58% of all species and infrageneric taxa) fol-
lowed by the Indo-Chinese floristic region (ICFR; 261 species, 55%) and the Malesian floristic region (MFR; 
78 species, 18%). In total, 118 species (25%) are endemic to the Himalayan region and 21 species are endemic 
to Nepal. Krober’s percentage similarity showed that the EAFR and ICFR have the highest percentage simi-
larity (87%) followed by the MFR and ICFR (62%). In total, 92 species were used for medicinal purposes and 
6 as food plants in Nepal. We conclude that Nepal is rich in orchid flora and the highest percentage of orchids 
originates from the EAFR.

IntRoduCtIon
The physiography of Nepal is diverse. The altitude ranges from 60 to 8848 m a.s.l. and there are six biocli-
matic zones, ranging from luxuriant tropical forests in the south to alpine scrubs or barren high mountains in 
the north (Chaudhary 1998). Nepal, which occupies the central part of the Himalayan range, is a transitional 
zone for many floristic elements. It acts as a bridge facilitating the flux of many taxa (north–south as well as 
east–west) and as a barrier promoting the endemism of plant species (e.g., Ohba 1988). Thus, there is high 
plant diversity in Nepal and plant species show affinity for different floristic regions.
The complex biogeography of Nepal is a result of its geological history and its presence at the crossroads of 
two biogeographic realms (the Palaearctic and Indomalaya realms) and two major phytogeographical king-
doms (the Holarctic division in the north and Palaeotropic division in the south; Takhtajan 1986). The flora of 
Nepal is influenced by six floristic regions: the East Asiatic floristic region (EAFR) to the east, Irano-Turanian 
floristic region (ITFR) to the north, Sudano-Zambezian floristic region (SZFR) to the west, Indian floristic 
region (IFR) to the south, and Indochinese floristic (ICFR) and Malesian floristic (MFR) regions to the south-
east (Fig. 1). 
The flora of Nepal is well documented (Press et al. 2000). The Orchidaceae, the largest plant family in Nepal, has 
been well studied due to the presence of unique species and species of great economic importance with both orna-
mental and medicinal value. This study is aimed at analyzing the distribution of orchid species in order to elucidate 
the affinities of different species with different regions, and determine their economic importance. 
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Fig. 1: Floristic regions influencing flora of Nepal (modified from Takhtajan 1986).

mateRIalS and methodS
Study area

We surveyed all orchid species reported in Nepal. Nepal is a central-Himalayan country with an area of 
147,181 km2. The climate of Nepal is divided into three distinct seasons: (1) a cold winter season from 
October to February, (2) a hot and dry season from March to mid-June, and (3) a rainy or monsoon season 
from mid-June to the end of September. Monsoons bring about 90% of total annual rainfall and winter ac-
counts for about 10% of total annual rainfall. The mean annual precipitation of Nepal varies from 1,015 mm 
to 1,516 mm. The daily maximum temperature rises to 44ºC in the south in summer and the daily minimum 
temperature drops below −18ºC in the north in winter (DoHM 2014). 

Data collection and analysis

The present research is based on orchid checklists from Nepal (Rokaya et al. 2013, Rajbhandari 2014). 
Each taxon was allocated to a specific phytogeographical region on the basis of its spatial distribution pat-
terns. The account of phytogeographical regions defined by Takhtajan (1986) (Fig. 1) was followed. The 
composition of orchid species was compared among floristic regions using Krober’s percentage similar-
ity, as previously used for Hong Kong bryophytes (Zhang & Corlett 2003). The advantage of using this for-
mula is that it minimizes the effect of the size difference between the two regions under comparison (Tan 
1984). Krober’s percentage similarity is defined as: K = 50 × C(A + B)/(A × B), where A is the number of 
taxa occurring in the first region; B is the number of taxa occurring in the second region, and C is the num-
ber of taxa shared by both regions.

ReSultS
There are 476 taxa of orchids belonging to 108 genera, 454 species, 17 varieties, 3 subspecies, and 2 forms in 
Nepal. These orchids grow in a variety of habitats: in tree trunks; in moist places along streams, rivers, and 
water bodies; in grasslands; on rocks in moist places; or in areas rich in humus. Epiphytic orchids displayed 
the highest number of species (261 species) followed by terrestrial orchids (219 species), lithophytic orchids 
(65 species), and saprophytic orchids (21 species). The distribution of different species ranges from 60 m 
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a.s.l. in the tropical region to 5,200 m a.s.l. in the alpine region and species richness reaches its maximum at 
1,500 m a.s.l. where there are 241 species. 
With respect to phytogeographical regions, 275 orchid species (58% of all species and infrageneric taxa) have 
an affinity for the EAFR, 261 species (55%) for the ICFR, 78 species (18%) for the MFR, 40 species (8%) for 
the IFR, and 32 species (7%) for the ITFR. The least number of orchid species (only 3 species, 1%) have an 
affinity for the SZFR. Some species are widespread in the wild and are found also in Africa or Europe (18 
species, 4%). In total, 118 orchid species (25%) are endemic to the Himalayan region extending from Nanga 
Parbat in the west to Sikkim, Bhutan, and the Yarlung Zangbo valley in the east. Twenty one (4%) orchid 
species are endemic to Nepal and are distributed from 100 to 3,800 m a.s.l. Krober’s percentage similarity 
showed that the EAFR and IFR have the highest similarity percentage (87%) followed by the MFR and ICFR 
(62%) and EAFR and MFR (55%). The lowest similarity was found for the ITFR and MFR (4%) followed by 
the ITFR and IFR (8%) (Table 1). 

Table 1: Krober’s percentage similarity among floristic regions.

Orchid species can bloom throughout the year, but the highest number of orchid species in our study flowers 
from April to September with a peak during June, July, and August. More than 80 species of Nepalese orchids 
have ornamental value, 92 species are used for medicinal purposes, and 6 species are used for food purposes. 
Out of these, use is mostly made of the whole plant (52 species) followed by the underground parts (roots, 
rhizome, tubers, pseudobulbs; 42 species) and leaves (9 species).

dISCuSSIon
The Orchidaceae, the second largest family of angiosperms, has been well explored in Nepal since the first 
plant collection began in 1802 when the East India Company sent Francis Buchanan-Hamilton, a Scottish 
doctor employed by the company, to Kathmandu via Makwanpur as a member of a mission to the Nepalese 
court (Hara et al. 1978). 
Many Nepalese orchid species showed an affinity for the EAFR, a result which is similar to a previous study 
for angiosperm vascular plants from Nepal (Shakya 1983). It is also notable that Mediterranean and West 
Asiatic elements (the Western Asiatic Subregion of the ITFR in the present study) are numerous to the west 
from Sikkim through Nepal to Kashmir and Swat (Mani 1978). Our results also support the fact that a high 
number of plants typical of the arid regions of west Nepal are close to the Central Asiatic Region, as was also 
reported in a previous study (Shrestha 1982). Nepal, which occupies the central part of the Himalayan range, 
is rich in plant diversity. The rich diversity can be explained by the overlap of eastern and western floral ele-
ments in Nepal (Stainton 1972). In Nepal, people are good at using plants for such various basic needs as 
food, fiber, tannin, timber, aroma, and ornamentation. The use of orchid species for economic gain was also 

 ITFR SZFR IFR ICFR MFR

EAFR 45.35 50.55 34.36 87.00 55.13

ITFR 18.23   8.44 15.79   4.41

SZFR 17.92 50.57 51.92

IFR 30.27 34.04

ICFR     62.44
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reported previously (Rajbhandari 2014). Our results showing that whole plants or belowground parts are 
used most frequently was similar to previous findings (e.g., Rokaya et al. 2010). This preference for using 
belowground parts is supported by the fact that they contain higher concentrations of bioactive compounds 
than do other plant parts.
Overall, this study indicates that the highest percentage of orchids originates from the EAFR. This region 
thus represents a biodiversity hotspot for orchids and should be given the greatest protection.

Acknowledgements

B.T. supported by project No. LO1415 of the Ministry of Education, Youth and Sports within the National Programme for 

Sustainability I; M.R. by postdoc grant No. 13-10850P of the Czech Science Foundation; and P.K. by grant No. 14-36098G 

of the Czech Science Foundation .

References

Chaudhary RP (1998) Biodiversity in Nepal: Status and Conservation. Tecpress Books, Bangkok.

DoH M (2014) Department of Hydrology and Meteorology. Ministry of Science, Technology & Environment, Kathmandu, 

Nepal.

Hara  H, Stearn WT, Williams LHJ (1978) An Enumeration of Flowering Plants of Nepal. Vol. 1. Trustees of British Museum 

(Natural History), London. 

Man i MS (1978) Ecology and the Phytogeography of High Altitude Plants of the Northwest Himalaya. Oxford and IBH, 

New Delhi. 

Ohba  H (1988) The alpine flora of Nepal Himalayas: an introductory note. The Himalayan Plants. Vol. 1. (eds H Ohba & SB 

Malla). University Museum, University of Tokyo, Tokyo.

Press  JR, Shrestha KK, Sutton DA (2000) Annotated Checklist of the Flowering Plants of Nepal. Natural History Museum, 

London. 

Rajb handari KR (2014) Orchids of Nepal: Status, Threat and Conservation. (eds PK Jha, YB Thapa, U Pun et al.), pp 1–43. 

Department of Plant Resources, Ministry of Forest and Soil Conservation, Kathmandu, Nepal and Central Department 

of Botany, Tribhuvan University, Kirtipur, Nepal.

Roka ya MB, Münzbergová Z, Timsina B (2010) J. Ethnopharmacol. 130, 485–504.

Rokaya MB, Raskoti BB, Timsina B et al. (2013) Nordic J. Bot. 31, 511–550.

Shak ya PR (1983) Vegetation study in east Nepal. Ecological Studies in the Tamur River Basin, East Nepal, and 

Mountaineering of Mt. Makalu II (ed M Numata), pp. 123–138. Chiba University, Chiba, Japan. 

Shrestha TB (1982) Ecology and Vegetation of North-west Nepal (Karnali Region). Royal Nepal Academy, Kathmandu.

Stainton JDA (1972) Forests of Nepal. John Murray, London.

Takhtajan AL (1986) Floristic Regions of the World. University of California Press, Berkeley.

Tan BC (1984) J. Hattori Bot. Lab. 55, 13–22.

Zhang L, Corlett RT (2003) J. Biogeogr. 30, 1329–1337. 



74

Are there any changes in the beginning of flowering of 
important allergens in the Czech Republic?

Bartošová, L.1, Hájková, L.3,*, Kožnarová, V.4, Možný, M.5,2, Trnka, M.1, Žalud, Z.2

1Global Change Research Center, Bělidla 986/4a, 603 00 Brno, Czech Republic
2 Institute of Agrosystems and Bioclimatology, Mendel University of Agriculture and Forestry, Zemědělská 1, 

613 00 Brno, Czech Republic
3 Department of Biometeorological Applications, Czech Hydrometeorological Institute, Na Šabatce 17, 143  06 

Prague, Czech Republic
4 Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences, Kamycka 129, 160 00 

Prague, Czech Republic
5 Agrometeorological Observatory in Doksany, Czech Hydrometeorological Institute, 411  82 Doksany, Czech 

Republic

*author for correspondence; email: hajkova@chmi.cz

abStRaCt
Phenological observations have a long tradition in the Czech Republic; the first phenological notes were tak-
en in the 18th century. Within the entire phenological observation network of the Czech Hydrometeorological 
Institute, 45 plant species can be observed. These include perennial herbs, grass, and ground bushes grow-
ing wildly. Some observed species are among the group of so-called allergens, e.g. silver birch (Betula pendula 

Roth), cocksfoot (Dactylis glomerata L.), and meadow foxtail (Alopecurus pratensis L.). In this paper, we evalu-
ated the phenological phase beginning of flowering for two of the aforementioned plants at the Mlýny, Chřibská 
research site (50°52’N, 14°29’E, 350 m a.s.l.). The aim was to assess which meteorological parameters influ-
ence phenological onsets as well as to analyze shifts in phenophase onset dates and temperature trends during 
1959–2014. During this period, for B. pendula the average date of beginning of flowering was 28 April with a 
standard deviation of 10 days and for A. pratensis it was 20 May with a standard deviation of 8 days. The studied 
species are allergens and their timing and phenological shifting during the spring and their relationship with cli-
mate parameters may provide important information for forecasts as part of a pollen warning service.

IntRoduCtIon
Phenology, the description of the developmental stages of wild plants, agricultural fruit and crops, and other 
organisms (such as insects), has several well-defined applications in addition to its use in simulation models. 
Phenology also involves an important adaptive trait since it determines the duration and timing of the growing 
season (e.g., Reich et al. 1992). 
Aeropalynology and phenology study different natural phenomena, namely the occurrence of pollen in the air 
and the dynamics of vegetation’s vegetative and generative changes within a year. For pollen to take part in aero-
plankton, a plant must begin to bloom and at this stage the two areas of science are interconnected (Edmonds 
1980). The presence of pollen of some species may be used to predict the oncoming flowering of other species 
(Latorre et al. 1997). In order to correctly evaluate the results of aeropalynological studies, we require knowl-
edge of the duration and dates of phenological phases as well as of the distribution of potential sources of pollen 
(Puppi Branzi & Zanotti 1992). 
Over the past 30 years, many studies have developed predictive models of tree phenology using such climate 
variables as temperature and photoperiod (e.g., Murray et al. 1989, Chuine et al. 1999). The use of degree days 
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for calculating temperature dependent development of plants is widely accepted as a basis for building pheno-
logical and population dynamics models (Roltsch et al. 1999). Similar methods for calculating degree days and 
temperature thresholds have been published by various authors (e.g., Chmielewski et al. 2013).
The aims of this study were to assess which meteorological parameters influence phenological onsets and to 
analyze shifts in dates of beginning of flowering, an important phenological phase closely connected with pol-
len release and aeropalynology. Two important pollen allergens in the Czech Republic, meadow foxtail (Betula 

pendula Roth) and silver birch (Alopecurus pratensis L., Poaceae family), were analyzed in relation to phenologi-
cal and meteorological measurements within the Czech Hydrometeorological Institute network during 1959–
2014. Temperature trends for this period were also calculated. 

mateRIalS and methodS
The phenological data of two important pollen allergens, a grass (meadow foxtail) and a tree (silver birch), were 
used in this study. Phenological data comprised observations from the Czech Hydrometeorological Institute and 
consisted of a dataset for 1959–2014. The beginning of flowering, closely connected with pollen release as well as 
aeropalynology, was chosen as the phenological phase for analysis. Long-term time phenological series were used 
from the Mlýny, Chřibská research site (50°52’N, 14°29’E, 350 m a.s.l.). Basic meteorological data (mean, maxi-
mum, and minimum air temperature and total precipitation in daily steps) were used from the Varnsdorf station 
(48°56’N, 16°35’E, 367 m a.s.l.). 
Meteorological and phenological data were processed using PhenoClim software (Bartošová et al. 2011, Černá et 
al. 2012). This software enabled us to conduct quality control of observed datasets and calculate the climate pre-
dictor for the phenological phase. To set up the model, the phenological and meteorological database was split into 
two parts prior to analysis. The first part of the data was used to calibrate the phenological model and the second 
part was used for model validation. PhenoClim calculated base temperature (Tbase) and temperature sums (TS) us-
ing three different methods. The first method was based on a simple thermal time model, where PhenoClim deter-
mined Tbase in a set temperature range (e.g., 0–10°C in 0.1°C steps). The start of the calculation was set by tempera-
ture conditions and it was necessary to select available daily air temperatures from the input file (mean, maximum, 
and minimum) which were used to derive TS. The second method used a simple sine wave where daily minimum 
and maximum air temperatures were used to produce sine-wave curves for each 24-h period. Degree days were 
estimated for each day by calculating the area between the defined temperature thresholds and the area below the 
curve (e.g., Roltsch et al. 1999). The third method was based on three values: Tbase, TS, and “start day” (the day 
when PhenoClim began calculating TS). It searched for the best combination of these three parameters to establish 
the phenophase terms with the lowest errors. Based on the calibration dataset, the software selected the best com-
bination of TS and Tbase or combination of TS, Tbase, and “start day” for each given species. The calculated statisti-
cal variables were mean bias error (MBE), root mean square error (RMSE), and coefficient of determination (R2).

ReSultS
The average dates of beginning of flowering onset for silver birch were observed at the end of April, while the 
average start of flowering for meadow foxtail was in the second half of May. Both species flowered earlier in 
later years, with slightly different rates of change of 1.4 (meadow foxtail) and 2.1 (silver birch) days per de-
cade (Table 1). 
At the experimental site in Varnsdorf, mean annual air temperature showed a substantial increase of 
0.29°C per decade over 1959–2014. Substantial increasing trends of mean, minimum, and maximum air 
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temperatures were observed during April and May, as well, increasing by 0.23, 0.45, and 0.49°C per decade, 
respectively. Total precipitation decreased during April and May, while total annual precipitation increased.

Table 1: Phenological phase dates and statistical characteristics (** p < 0.01).

The results showed that for meadow foxtail and silver birch maximum air temperature was the best predic-
tor for the timing of phenological phase BBCH 61 when using PhenoClim. Maximum air temperature and 
mean air temperature had the lowest error values (RMSE and MBE). The third method with three param-
eters (Tbase, TS, and start day) displayed the best results in predicting phenophase onset (lowest RMSE and 
MBE values). This method was called the “best combination” model. The results for the meadow foxtail da-
taset had the error value of 4.9 days (RMSE), while the error value was higher for silver birch at 6.4 days 
(RMSE). Tbase using this method was 0.2°C for A. pratensis and 4.2°C for B. pendula. The thermal time model 
and the sine wave method had higher error values and lower coefficients of determination (Table 2). 

Table 2:  Root mean square error (RMSE) and mean bias error (MBE) for three phenological models (best combination [BS], 
thermal time [TTM], and sine wave [SW] models) and calculated base temperature (Tbase) and temperature sums (TS) 
for two observed species.

dISCuSSIon
The results of the present study show a trend of increasing air temperature at the experimental site in 
Varnsdorf as well as an earlier onset of flowering for meadow foxtail and silver birch during the observation 
period of 1959–2014. PhenoClim calculated the lowest error values (RMSE and MBE) for the best combina-
tion model, which is recommended for further phenophase modelling. The thermal time and sine wave mod-
els showed higher RMSE and MBE values and are therefore not as useful. 
Similar methods for calculating degree days and temperature thresholds have been published by various au-
thors. Chmielewski et al. (2011) used a simple thermal time model for the beginning of apple blossoming. 
The RMSE between modelled and observed apple blossom data in that study varied from 4.6 to 5.6 days. In 
a later study, Chmielewski et al. (2013) analyzed phenophases of the great tit (Parus major) and selected a 

 Average date Earliest date Latest date Standard 
deviation

Linear trend 
days

Day of year Day of year Day of year days Per decade 1959–2014

Meadow foxtail 19 May 5 May 3 June
6 1.4 7.9**

(Alopecurus pratensis) 139 125 154

Silver birch 29 April 9 April 18 May
9 2.1 11.8**

 (Betula pendula) 119 199 138

 Model RMSE MBE R2 Tbase

°C
TS

°C
Start day

Meadow foxtail
(Alopecurus pratensis)

BS 4.9 0.7 0.6 0.2 540 67

TTM 6.1 -1.6 0.6 8.4 411.9 x

SW 6.2 -1.7 0.6 6.1 264.3 x

Silver birch
(Betula pendula)

BS 6.4 -0.1 0.4 4.2 301 82

TTM 7.8 -1.4 0.4 9.3 180.1 x

 SW 7.7 -1.4 0.4 2.7 274.2 x
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phenological model that was able to calculate the beginning of egg laying. They used four types of thermal 
time models and finally chose a model with air temperature and photoperiod with a starting date of tempera-
ture accumulation on 1 January. Error (RMSE) for this model was 3 days. 
Fu et al. (2012) used five types of phenological models (including a thermal time model) to predict bud burst 
for deciduous trees, including birch. They recommended their sequential model (a model which used a trian-
gular chilling function and a sigmoid forcing function), with RMSE from 3.4 to 4 days, as the most appropri-
ate model for forecasting the terms of bud bursting.
The results of our analysis showed that the best combination model could be used to model phenophase onset 
as an indicator under both present and future climate conditions. Regarding the question of whether there have 
been any changes in flowering for the two studied allergens, we can conclude that flowering has shifted to earlier 
dates. The most probable predictor of these changes is maximum temperature, which could also be used for fur-
ther modelling. The model could also play an important role in providing information on allergen distribution as 
well as being useful in predicting the start and end of the pollen season for a public warning service.
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abStRaCt
Boreal forests cover almost one-third of the global forest area, and results of soil measurements show them to 
be a natural source of the important greenhouse gas nitrous oxide (N2O). Nevertheless, N2O fluxes from bo-
real tree species have been excluded from calculations of N2O exchanges from forest ecosystems. Therefore, 
our objective was to quantify and scale up the N2O fluxes from stems of mature silver birch (Betula pendula), 
Scots pine (Pinus sylvestris), and Norway spruce (Picea abies), as well as from the forest floor of a boreal forest 
in Finland during June and July 2014. This study shows that boreal tree species emit N2O from their stems 
under natural field conditions and significantly contribute up to 8% of forest floor fluxes of N2O. Spruce trees 
seem to be the strongest N2O emitter among the studied tree species. Moreover, the N2O flux rates from both 
coniferous tree species increased with decreasing soil water content. This study highlights the necessity to in-
clude N2O fluxes from trees within the total greenhouse gas budget of forest ecosystems.

IntRoduCtIon
With an area of about 920 million ha, boreal forests represent almost three-fourths of the world’s coniferous for-
ests (Kuusela 1992). They are presumed to be a natural source of nitrous oxide (N2O) (Dalal & Allen 2008), an im-
portant greenhouse gas produced in soils. Despite the evidence that trees may be important sources of N2O (e.g. 
Rusch & Rennenberg 1998, Pihlatie et al. 2005, Machacova et al. 2013a), they have so far been excluded from cal-
culations of N2O exchanges from boreal forest ecosystems. Moreover, the ability of boreal tree species to emit N2O 
has been characterized only poorly (Machacova et al. 2013b, Machacova et al. 2014) and there is a need for further 
investigations of the emission capacities of those tree species in the boreal zone. Our main objectives were there-
fore to quantify and upscale the N2O fluxes from stems of mature silver birch (Betula pendula Roth), Scots pine 
(Pinus sylvestris L.), and Norway spruce (Picea abies (L.) Karst.), as well as from the forest floor of a boreal forest in 
Southern Finland during summer 2014 and to estimate whether soil water content affects forests’ N2O exchange.

mateRIalS and methodS
The study was performed in a boreal forest dominated by P. sylvestris followed by P. abies and B. pendula at the 
SMEAR II station (61°51’N, 24°17’E) in Hyytiälä, Finland, in June and July 2014. All measurements were taken 
in natural soil moisture conditions, which may be divided into wet (W plot, mean soil volumetric water content 
[VWC] ± standard error: 0.92 ± 0.01 m3 m–3), moderately wet (MW plot, VWC: 0.37 ± 0.02 m3 m–3), and dry (D 
plot, VWC: 0.23 ± 0.02 m3 m–3) conditions. Stem N2O flux rates were investigated from three pine, three spruce, 
and three birch trees on the W and MW plots and from three pine trees on the D plot, as this plot did not contain 
birch or spruce trees. Tree and stand characteristics are presented in Table 1. Forest floor fluxes were determined 



79

at three positions on the W and MW plots and at one position on the D plot. Parallel stem and forest floor mea-
surements were conducted in 2-week periods, five times altogether.
N2O flux rates from the bottom part of stems were determined manually using two different static chamber sys-
tems (circumferential and box stem chambers, Machacova et al. 2014). Nine gas samples (20 ml each) were 
taken from closed chambers at regular intervals of 30–50 min over a period of 5 h. Forest floor N2O fluxes were 
measured using six large opaque manual soil chambers (Machacova et al. 2013b) and one opaque automatic 
chamber (Korhonen et al. 2013). The manual chambers were closed for ca 35 min in June 2014 during which 
five gas samples (20 ml each) were taken at time intervals of 1, 5, 15, 25, and 35 min. In July 2014, the closure 
time was changed to ca 75 min with additional uptake intervals of 55 and 75 min. The automatic chamber was 
closed once per day and gas samples were withdrawn from the headspace at time intervals of 1, 5, 10, 20, 30, 
and 50 min. The samples were stored in glass vials at 4°C and analysed by a gas chromatograph (electron cap-
ture detector). Flux rates, expressed in μg N2O m–2 of stem or soil surface area h–1, were calculated by linear least 
square fits of the time series of N2O concentrations. N2O fluxes were scaled up to the landscape level using stem 
surface area for each tree calculated as the lateral surface area of a right circular cone, estimated forest density, 
and stand basal area (Table 1). Due to non-normally distributed data and/or data with unequal variances, the 
Mann–Whitney rank sum test was applied with statistical significance defined at p < 0.05. 

Table 1:  Tree and stand characteristics (mean ± SD) from wet (W), moderately wet (MW), and dry (D) plots. Trees were ap-
proximately 50 years of age, except for three birches and one spruce on the wet plot, which were unambiguously young-
er. Stand basal area was measured directly on plots using a rod relascope. DBH – stem diameter at breast height. 

ReSultS
Our study shows that mature B. pendula, P. sylvestris, and P. abies trees have the ability to emit N2O from their 
stems (Fig. 1a). The highest up-scaled tree N2O emissions (i.e. positive fluxes) within the studied forest were 
determined from spruce stems on both the W and MW plots with median rates of 0.38 and 0.64 mg N2O ha–1 
h–1, respectively. Pine was the second largest emitter of N2O among the selected tree species (0.22, 0.32, and 
0.37 mg N2O ha–1 h–1 on the W, MW, and D plots, respectively) followed by birch (0.21 and 0.16 mg N2O ha–1 
h–1 on the W and MW plots, respectively). The stem emission rates of both conifers significantly increased 
with decreasing soil water content, while the N2O emissions from birch showed the opposite trend, although 
the latter was not statistically significant. 

Tree height DBH Stem surface area Forest density Stand basal area

m cm m2 trees ha–1 m2 ha–1

Birch (Betula pendula)

W plot 12.3 ± 1.2 9.7 ± 0.4 1.9 ± 0.1 1200 6

MW plot 22.1 ± 0.7 21.3 ± 3.7 7.4 ± 1.2 200 4

Pine (Pinus sylvestris)

W plot 18.2 ± 1.3 19.9 ± 3.3 5.8 ± 1.3 400 20

MW plot 20.6 ± 0.4 18.7 ± 0.2 6.1 ± 0.1 800 21

D plot 18.7 ± 0.7 19.3 ± 1.4 5.7 ± 0.6 1400 27

Spruce (Picea abies)

W plot 14.5 ± 4.4 16.6 ± 6.7 4.2 ± 2.3 400 4

MW plot 21.2 ± 1.0 23.6 ± 2.0 7.9 ± 1.0 400 5
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The forest floor was either a sink for N2O (i.e. negative flux or uptake, −4.9 mg N2O ha–1 h–1 on the W plot) or 
a source under lower mean soil water content (15.2 and 7.4 mg N2O ha−1 h−1 on the MW and D plots, respec-
tively) (Fig. 1b). The estimated tree stem N2O emissions accounted for more than 4% of the forest floor up-
take for birch and pine trees and almost 8% for spruce trees, thus constituting a positive N2O source on the W 
plot (Fig. 1a). With lower soil water content, both stems and the forest floor were sources of N2O with trees 
contributing 1–5% of forest floor fluxes.

Fig. 1:  N2O fluxes from (a) stems of birch, pine, and spruce trees, and (b) forest floor in boreal mixed forest. Box plots: solid 
(dashed) line – median (mean), box boundaries – 25th/75th percentile, whiskers – 10th/90th percentile, dots – outliers. 
Forest floor fluxes were determined as median/mean of measurements from 3 (W and MW plots) and 1 (D plot) soil 
chamber(s) with 5 replicates. Stem fluxes were expressed as median/mean of measurements on three trees per tree spe-
cies and plot, with five replicates. Birch and spruce were not available on the D plot. Statistically significant differences 
at p < 0.05 among plots for each tree species are marked with different letters. Percentage contribution of stems to the 
N2O forest exchange is calculated as absolute percentage from the forest floor flux taken as 100%.

dISCuSSIon
Based on our results, it is obvious that the coniferous P. abies and P. sylvestris and broadleaf B. pendula emit N2O 
from their stems and that they contribute significantly to the N2O exchange of boreal forests (Fig. 1a). The highest 
N2O emission rates and related contributions to forest floor fluxes (up to 8%) were detected in spruce trees,  
followed by pine and birch trees. Spruce was also the strongest emitter of N2O among the selected tree species in 
a comparison of flux rates per stem area unit (Machacova et al. 2014). We suppose that N2O is taken up by roots 
from the soil and transported in xylem via the transpiration stream. This hypothesis is supported by i) the relatively 
good water solubility of N2O (Yu et al. 1997), and ii) the detected ability of plants to emit N2O independently of the 
formation of an aerenchyma system, which is known as a second possible gas-transport pathway (Machacova et 
al. 2013a). As spruce trees were characterised by the highest projected leaf area (mean 88 m2 per tree) among the 
selected tree species, we expect that spruce have higher transpiration and sap flow rates than do pine and birch (Ge 
et al. 2011), resulting in higher N2O flux rates. 
The flux rates of N2O from birch, scaled up to ecosystem level, were unexpectedly lower than were those from pine 
trees, especially with lower soil water content, even though i) N2O emission rates per stem area unit were higher for 
birch than they were for pine trees on the MW plot (Machacova et al. 2014), ii) the projected leaf area of birch trees 
(54 m2) exceeded the area of pine trees (28 m2), and iii) the wood of birch (diffuse-porous type; Arbellay et al. 2010) 
seems to have a higher gas-diffusion coefficient than do conifers (Sorz & Hietz 2006). The explanation might lie 
in the scaling up of flux rates, which takes into account different tree and stand characteristics and which enables a 
comparison of N2O fluxes between tree stems and the forest floor on the ecosystem level.  
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Notably, the N2O emission rates of pine and spruce trees, both conifers, significantly increased with decreasing 
soil water content. In contrast, the N2O emissions from stems of broadleaf birch trees indicated the opposite trend. 
In comparison to conifers, N2O might be transported by birch trees predominantly via the aerenchyma system, 
which might be formed by this broadleaf species as a response to high soil water content to supply its roots with O2.
The N2O emissions from trees were accompanied by relatively low forest floor flux rates (Fig. 1b) typical for the 
studied forest (Pihlatie et al. 2007). The forest floor was even a sink for N2O on the W plot. Due to this high soil wa-
ter content on the W plot, we expect anaerobic conditions in the soil. In these conditions, anaerobic denitrification 
may result in the reduction of N2O to dinitrogen (N2) (Smith et al. 2003), leading to lower N2O concentrations in 
the soil and a simultaneous uptake of N2O from the atmosphere. In contrast, we expect rather aerobic conditions 
on both MW and D plots supporting greater N2O production in the soil and therefore also greater N2O uptake by 
tree roots. 
Stem N2O emissions on the W plot constituted 4.4%, 4.5%, and 7.9% of the forest floor uptake for birch, pine, 
and spruce, respectively, thus significantly decreasing forest floor N2O uptake on the W plot. On the other hand, 
stem N2O emissions accounted for 1–5% of the forest floor emissions on the MW and D plots with lower soil wa-
ter content, thus increasing the N2O budget of the boreal forest. The shoot fluxes of N2O were not measured during 
2014; however, the shoot-to-stem N2O flux ratio of 16 for P. sylvestris in 2013 (Machacova et al. unpublished data) 
emphasizes the important role of canopies in the ecosystem’s N2O exchange. We therefore predict a considerably 
higher contribution from whole trees to forest floor N2O fluxes compared to the present estimates based only on 
stem N2O fluxes.
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abStRaCt
The flow of CO2 from the soil is a very important part of the carbon cycle in an ecosystem. The aim of our work 
was to determine how roots and rhizospheric fungi contribute to CO2 flux from the soil. Preliminary results 
from two years of research are presented. The research on how root biomass as well as ergosterol and phytos-
terol contents in roots and soil affected CO2 flux from the soil was conducted in a 108-year-old Norway spruce 
(Picea abies (L.) Karst.) forest in the Drahany Highlands during 2010 and 2011. CO2 flow was measured us-
ing a LI-8100 portable closed gasometric system (Li-Cor, USA). The dry weight and volume of individual root 
categories (< 1 mm, 1–2 mm, 2–5 mm, > 5 mm), C and N contents in the roots, as well as ergosterol, β-sitoste-
rol, and campesterol contents in the soil and roots were determined from root-containing soil samples located 
in the circular measurement chamber. In addition, sterol content was determined in the soil only. Our soil res-
piration results correspond with the findings of Buchman (2000) who found respiration values between 5–7 
μmol CO2 m−2 s−1 in a 111-year-old spruce forest. A significant influence on soil respiration was proven only 
for sitosterol content in the soil. The relationships among soil CO2 flux, root characteristics, and nitrogen and 
sterol contents in the roots and soil are discussed.

IntRoduCtIon
Soil CO2 flux comprises 60–80% of the carbon cycle in temperate forests escaping from the entire ecosys-
tem into the air (Le Dantec et al. 1999). CO2 flux from the soil thus significantly contributes to reducing the 
amount of carbon captured by a forest. Roots create in their surroundings a specific environment inhabited 
by numerous species of microorganisms depending on the exudate flow from the roots (Smith & Read 1997). 
Through exudates alone, the roots affect soil biological activity. However, it remains a question how roots in-
fluence soil CO2 flux. Root respiration is usually estimated to be responsible for nearly half of total soil respi-
ration but the amount fluctuates from 10% to 90% in different studies (Hanson et al. 2000). Soil biological 
activity is connected with the rate of decomposition and mineralization of organic substances. It is therefore 
important to know the role roots and rhizospheric microorganisms (primarily ectomycorrhizal fungi) play in 
the release of CO2 from the soil. 
Sterols are one of the most important substances in soil. They indicate the presence and physiological activ-
ity of plants (phytosterols), animals (e.g. cholesterol), and fungi (e.g. ergosterol). Ergosterol is a common 
biomarker for fungi and its occurrence suggests recently metabolically active fungal biomass. Therefore, its 
quantification in the roots and soils is often used as an indirect measurement of mycorrhizal systems (Nylund 
& Wallander 1992). The concentration of β-sitosterol, a major plant sterol, in soil may be related to culti-
vation type and the presence of decomposing plant matter, and it could be considered to be an indicator of 
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phytomass quantity in the soil (Puglisi et al. 2003). The aim of our paper is to clarify the dependence of soil 
CO2 flux on selected parameters of the root system and rhizosphere microflora. 

mateRIalS and methodS
Research on how root biomass and ergosterol content in roots and soil affect CO2 flux from the soil was car-
ried out in Rajec nad Svitavou–Němčice in the Drahany Highlands in the Czech Republic during 2010 and 
2011. In the two years of observation, samples were processed from 27 measuring locations in a 105-year-old 
spruce monoculture. Prior to taking measurements, the humus horizons were separated from the mineral 
horizons by inserting a sharp metal sheet. CO2 flow was measured using a LI-8100 portable closed gasomet-
ric system (Li-Cor, USA). Individual CO2 flux measurements were performed in triplicate (the average was 
used) at each location. Each measurement took 2 min. A linear function was applied to calculate soil respira-
tion. To compare individual measurements, R10 (the value of soil respiration at 10°C) was used according to 
Pavelka et al. (2007).
All soil with roots located within the circular measurement chamber over the metal sheet was sampled and 
analysed. The following parameters were determined: dry weight and volume (using image analysis; Gronský 
et al. 2008) of individual root categories (< 1 mm, 1–2 mm, 2–5 mm, > 5 mm), C and N contents in the roots, 
and ergosterol, β-sitosterol, and campesterol contents in the soil and roots. In addition, sterol content was de-
termined in the soil. Obtained data were processed using multiple regression with gradual selection.

ReSultS
Soil respiration in the spruce forest stand ranged between 115 and 445 mg dm−3 day−1. Preliminary results ob-
tained in 2010 from 7 independent measurements indicated that samples with higher respiration had lower 
ergosterol/β-sitosterol and C/N contents in roots and higher ergosterol concentrations in the roots and soils. 
A significant influence on soil respiration was proven only for the ratio of ergosterol to β-sitosterol. 
The results of the second year of experiments from 20 independent measurements are shown in Tables 1 and 
2. Of all the root characteristics and sterol content parameters, only N content in fine roots and β-sitosterol 
content in the soil were significantly correlated with CO2 flux from the soil (Table 3). 
In 2011, we investigated whether inserting a horizontal sheet between soil horizons increased the flow of 
CO2. We found that the values of the CO2 flow were higher when measured prior to insertion than they were 
after insertion but this difference was not significant. We concluded that sheet insertion did not cause humus 
horizons disruption and so did not negatively affect the flow of CO2 from the soil.

dISCuSSIon
Our soil respiration results correspond with the findings of Buchman (2000) who found respiration values 
between 5–7 μmol CO2 m−2 s−1 in a 111-year-old spruce forest. Only 7 measurements were successful in the 
first year of the study. Unfortunately, their results could not be added to the next 20 measurements in 2011 
because of different climatic conditions influencing the results. In the first year of observation, only the ratio 
of ergosterol to β-sitosterol in the soil significantly affected soil respiration. The negative correlation to this 
ratio could be connected to increased activity of saprophytic microorganisms in the soil.
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Table 1: Respiratory CO2 flux from the soil and parameter values of the Picea abies root system in 2011. N = 20.

RDW:  root dry weight, RV: root volume, RTN: root tip number, SRL: specific root length; cat.: root category, where category I 
(fine roots) are roots < 1 mm.

Table 2:  Sterol concentrations per dry weight unit of Picea abies roots and per dry weight unit of soil as well as C and N contents 
in roots in 2011. N = 20.

Erg: Ergosterol, Sit: Sitosterol, Cam: Campesterol.

This corresponds to observations by Kanerva et al. (2007). In the second year of observation, β-sitosterol 
again correlated with CO2 flux from the soil. Until now, there has been a lack of data about the role of sitos-
terol in below ground ecosystem functioning. According to Sinsabaugh & Moorhead (1994) and Puglisi et 
al. (2003), β-sitosterol content can be considered to be an indicator of increased phytomass in the soil. It is 
possible that β-sitosterol content in the soil is connected in some manner to fine root and mycorrhiza quan-
tity. The influence of N content in roots on CO2 flow from the soil might be connected to increased biological 
activity of the fine roots. Ryan et al. (1995) reported that increased N concentrations in fine roots caused in-
creased respiration. 
The other studied parameters were not significantly correlated with soil respiration. This might have been 
caused also by the small quantity of samples analysed and the huge soil variability across locations.
Determining the complicated interrelationships between the CO2 flux from soil and roots and rhizospheric 
and soil microflora will require even more complex experiments and observations in future. 

Sample Flux CO2 RDW RDW RV RV RTN SRL SRL

cat. I cat. I–IV cat. I cat. I–IV cat. I cat. I cat. I–IV

mg dm−3 day−1 g dm−3 g dm−3 mm3 dm−3 mm3 dm−3 dm−3 mm g−1 mm g−1

Mean 242.799 2.997 7.882 8,999.487 77,640.340 13,546.571 17,053.863 7,929.007

SD 80.893 0.995 3.407 3,997.303 177,184.430 3,648.642 3,034.569 3,601.562

Sample                                                                Roots                                                                                                         Soil

Erg Sit Cam Erg/ Sit N C Erg Sit Cam Erg/ Sit

µg g−1 µg g−1 µg g−1 % % µg g−1 µg g−1 µg g−1

Mean 91.840 324.174 96.422 0.295 1.548 51.575 132.975 432.494 41.818 0.314

SD 28.489 71.207 17.190 0.105 0.169 0.664 38.725 108.737 10.628 0.075
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Table 3: Regression model results.
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Parameter Coefficient Standard coefficient p

β-sitosterol in soil 0.0050 0.459806 0.006653
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abStRaCt
Climatic variation along altitudinal gradients provides an excellent natural experimental set-up for investi-
gating the possible impacts of climate change on terrestrial organisms and ecosystems. The present work has 
explored for the first time the acclimation of upper versus lower canopy leaves or needles in European beech 
(Fagus sylvatica) and Norway spruce (Picea abies) forests along an altitudinal gradient. We tested the hy-
pothesis that restrictive climatic conditions associated with high altitudes reduce within-canopy variations of 
leaf traits. The investigated beech and spruce forests were located on the southern slope of the Hrubý Jeseník 
Mountains (Czech Republic). All measurements were taken on leaves from the upper and lower parts of the 
canopy of mature trees (>60 years old) growing at low (400 m a.s.l.), middle (720 m a.s.l.), and high (1,100 m 
a.s.l.) altitudes.
Generally, we observed that with increasing altitude, which is associated with adverse microclimatic con-
ditions, a convergence of CO2 assimilation rate and other physiological, morphological, and biochemical 
characteristics between the upper and lower canopy occurred. However, differences in altitudinal response 
among individual traits and species were found. Such plasticity in acclimation of leaves and needles has the 
potential to cause substantial change in the photosynthesis of individual parts of forest canopies within the 
vertical profile and their contribution to the overall carbon balance of vegetation. 

IntRoduCtIon
Altitudinal gradients provide an excellent natural experiment to study such effects of changing microclimatic 
conditions associated with changing altitude as decreases in partial pressure of gases, reduced temperature 
and clear-sky turbidity, increased fraction of ultraviolet radiation, and increased precipitation (Körner 2007). 
In contrast, soil conditions are not directly related to altitude and depend, among other things, on slope ori-
entation, geographical topology, and/or region (reviewed in Becker et al. 2007). Although a number of alti-
tudinal gradient studies have been already conducted on forest tree species, these have not yet sufficiently 
explored interactions between the effects of altitude and vertical light stratification within the forest canopy.
An exponential attenuation of solar radiation passing through a canopy leads to distinct light intensity 
across a vertical canopy profile. Leaves can acclimate to their light environments by (i) modulating leaf 
morphology, anatomy, and chloroplast ultrastructure (e.g. Yano & Terashima 2001); and (ii) changing 
their chemical composition, including in particular reallocation of N among photosynthetic components 
associated with light capture, thylakoid membrane composition, and CO2 assimilation (e.g. Hikosaka 
2005). 
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In our study, we hypothesized that adverse climatic conditions at higher altitudes would reduce photosyn-
thetic light use efficiency in the upper part of the canopy and that lower canopy leaves or needles would re-
place the functional loss of the upper canopy. The interactions between altitude and light acclimation within 
a canopy were studied in mature European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) 
Karst.) forests. 

mateRIalS and methodS
Forest stands selected for this study were located on the southern slope of Mravenečník Mountain (Hrubý 
Jeseník Mountains, Czech Republic, 50°2’N, 17°9’E). Leaf/needle sampling and physiological measure-
ments were made on European beech and Norway spruce trees naturally occurring at low (L; 400 m a.s.l.), 
middle (M; 720 m a.s.l.), and high (H; 1100 m a.s.l.) altitudes. Individual sites are characterized by gradients 
in mean annual air temperature (7.59°C for L, 5.94°C for M, and 3.82°C for H) and mean annual sum of pre-
cipitation (30-year averages: L 753 mm, M 891 mm, and H 1,083 mm). Stands with mature trees (age > 60 
years) and comparable stand density were selected at all altitudes. 
We evaluated physiological and biochemical parameters in upper (sun-acclimated) and lower (shade-accli-
mated) canopy leaves and needles of beech and spruce trees, respectively. Measurements were carried out on 
13 representative trees from each altitude and species. 
Light-saturated CO2 assimilation (Amax) rates were determined under constant conditions (leaf tempera-
ture: 25 ± 1°C, relative air humidity: 55 ± 3%, CO2 concentration: 385 ± 5 μmol mol−1, and irradiance: 1200 
µmol m−2 s−1) using a Li-6400XT gas exchange system (Li-Cor, USA). Content of the enzyme Rubisco was 
determined by sodium dodecyl sulphate polyacrylamide gel electrophoresis using a Mini-PROTEAN 3 sys-
tem (Bio-Rad, USA). The elemental analyses of C and N were conducted using an automatic analyser (Flash 
2000, Thermo Scientific, USA). The leaf mass per area (LMA) ratio was defined as the ratio between leaf dry 
mass and projected leaf area. 
All measurements and samplings were made during the extended noon period (10:00–14:00 LMT) at 
two stages of the growing season characterized by active growth (June–July) and the end of the season 
(September) in 2013 and 2014 for beech and spruce respectively.
Two-way ANOVA followed by a multiple range test was used to investigate the effect of altitude on the meas-
ured parameters. All statistical tests were done in Statistica 12 (StatSoft, USA).

ReSultS
The upper canopy’s Amax was highest at altitude M, whereas for lower canopy Amax increased with increasing 
altitude up to altitude H (Fig. 1). Such distribution of Amax along the altitudinal gradient led to the convergence 
of CO2 assimilation of the upper and lower canopy with increasing altitude, particularly during autumn, in 
both species studied. 
Similarly, convergence of the upper and lower canopy with increasing altitude was observed for LMA, par-
ticularly in beech, although the vertical position within the canopy had a major effect on this morphological 
parameter. Significantly lower LMA values were found in the lower canopy as compared to the upper cano-
py. Similarly, the convergence of nitrogen content was more pronounced in beech than it was in spruce. In 
spruce, a significant seasonal change in nitrogen allocation within the vertical canopy profile was observed. 
While generally higher nitrogen content was observed in the upper canopy for all altitudes in summer, in au-
tumn the opposite nitrogen allocation was found.
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Fig. 1:  Light-saturated (1,200 µmol m–2 s–1) CO2 assimilation (Amax) rates in sun (white columns) and shade (grey columns) 
leaves of European beech (Fagus sylvatica, left) and needles of Norway spruce (Picea abies, right) growing at low (L; 
400 m a.s.l.), middle (M; 720 m a.s.l.), and high (H; 1100 m a.s.l.) altitudes. Columns represent means and error bars 
represent standard deviations. N = 13 (trees). 

Allocation of Rubiscoarea within the vertical canopy profile was significantly affected by species and altitude. 
The relationship between Narea and Rubiscoarea, analysed for the summer datasets, showed a gradual separa-
tion of the relationships for upper and lower canopy with increasing altitude (Fig. 2). This separation was 
characterized by decrease of slope for the upper canopy with increasing altitude while the relationships for 
the lower canopy changed only slightly. These altitudinal changes were more pronounced in spruce than they 
were in beech. This means that with increasing altitude in upper canopy leaves or needles less nitrogen is al-
located to Rubisco.

dISCuSSIon
Our results show a great capacity in trees to adjust the morphological, physiological, and biochemical traits 
of the entire canopy. Generally, we observed that with increasing altitude, which is associated with adverse 
microclimatic conditions, there is a convergence of CO2 assimilation rate and other physiological, morpho-
logical, and biochemical characteristics between the upper and lower canopy. However, differences among 
individual traits and species were found. Morphological acclimation was more obvious in beech, for exam-
ple, where the lower canopy leaves tended to increase LMA and converge with the upper canopy. On the oth-
er hand, biochemical acclimation was more pronounced in the upper canopy and Norway spruce. This was 
clearly perceptible from the relationships between Narea and Rubiscoarea. 
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Fig. 2:  Relationship between total nitrogen content per unit leaf area (Narea) and total Rubisco content per unit leaf area 
(Rubiscoarea) in upper (white circles) and lower (grey circles) canopy needles of Norway spruce (Picea abies) growing at 
low (L; 400 m a.s.l.), middle (M; 720 m a.s.l.), and high (H; 1100 m a.s.l.) altitudes.

In our previous studies (e.g. Urban et al. 2007), we have shown that the leaves of F. sylvatica respond to insuf-
ficient light conditions primarily with reduced LMA, which leads to significantly higher Amax per leaf weight 
unit in shade leaves of F. sylvatica as compared to sun leaves. Nevertheless, restricted growth conditions asso-
ciated with high altitudes have the potential to increase the magnitude of biochemical acclimation, represent-
ed for example by changes in Narea, chlorophyll, and Rubisco contents. Activity of photosynthetic enzymes, in 
contrast to light absorption, is reduced at low temperatures, which thus leads to an increased risk of photo-
oxidative damage (Tsonev & Hikosaka 2003). The gradually decreased allocation of N to Rubisco in upper 
canopy leaves with increasing altitude is consistent with previous findings that cold represents an important 
N sink (Janda et al. 2007).
We can conclude that growth restrictions at higher altitudes, and particularly those caused by low temper-
atures, lead to apparent functional changes in both sun-acclimated (upper) and shade-acclimated (lower) 
leaves or needles differently at morphological and biochemical levels. This ultimately leads to convergence 
in the vertical profile of the canopy and increase in the importance of the lower canopy at higher altitudes.
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abStRaCt 
Leaf area index (LAI) is the most appropriate parameter for analyzing canopy structure and crop productiv-
ity. LAI and radiation use efficiency (RUE) were estimated to evaluate the productivity of a short rotation cop-
pice culture of a poplar clone. RUE was calculated as the ratio between total aboveground woody biomass and 
available photosynthetic active radiation (PAR) accumulated during one growing season. Prior to coppicing, 
LAI reached a maximum value of 7.3 (in 2009), whereas the maximum LAI after coppicing was 6.8 (in 2012). 
The maximum RUE reached prior to coppicing was 0.25 g mol−1 (in 2009), while after coppicing it was 0.20 g 
mol−1 (in 2012), which did not represent a significant difference (p > 0.05). 

IntRoduCtIon
Leaf area index (LAI; m2

leaf area m−2
ground area ) is a key parameter for productivity and it is frequently used to de-

scribe canopy structure (Watson 1947). LAI and radiation use efficiency (RUE; g mol−1) are used to maximize 
productivity in a short amount of time and this agricultural technique is applied to forest crops. Biomass pro-
duction of plants is dependent on available and intercepted radiation by the canopy which is used to convert 
CO2 into new biomass (Gifford et al. 1984, Linder 1985). The rate of this production given available photo-
synthetic active radiation (PAR) is defined as RUE. The aim of this study was to compare differences in LAI 
and RUE prior to and after coppicing in a culture of poplar clone J-105 (Populus nigra L. × P. maximowiczii 
Henry). 

mateRIalS and methodS
The experimental field site 

The study was carried out on an existing short rotation coppice (SRC) culture of poplar clone J-105. The 
experimental site was located in Domanínek (Bystřice nad Pernštejnem, Bohemian–Moravian Highlands; 
49°31’N, 16°14’E; 530 m a.s.l.) and total plantation area was 2.85 ha. Between 1981 and 2012, total annual 
rainfall was 609 mm and mean annual air temperature was 7.2°C. The experimental site is part of climatic re-
gion no. 7 (Havlíčková et al. 2006), which is highly suitable for poplar cultures mainly due to its soil charac-
teristics (Trnka et al. 2008). The plantation was established in April 2002 by planting hardwood cuttings in 
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a double-row design with spacing of 0.7 m within rows and an inter-row distance of 2.5 m. This resulted in a 
planting density of 9,216 trees ha−1. The first rotation was 8 years (2002–2009), after which the SRC culture 
was harvested at 20 cm above ground level.

Field measurements

All measurements were made from 2008 to 2012 and spanned the entire growing season. Meteorological 
data (air temperature, global radiation, PAR, total annual precipitation) were recorded continuously by an 
automatic weather station placed at the turf grass next to the plantation. LAI was measured indirectly using 
a SunScan plant canopy analyzer (type SS1, Delta T, UK). This indirect method was validated using a direct 
method (litter collection on traps). Litter collection was conducted once prior to coppicing and twice after 
coppicing. Indirect LAI was measured close to traps where we collected litterfall. Data were obtained on a 
weekly basis during the growing season on three plots (~80 m2) close to the center of the plantation. Using 
a regression equation with cumulative mean daily air temperature, data were interpolated to daily LAI data, 
whereby winter habits generated an LAI value of 0. 
RUE was calculated as the ratio between the difference in stocking biomass at the end of each season (ΔWs; 
t ha−1 year−1), i.e. annual biomass productivity, and the amount of PAR absorbed by the canopy (APAR; mol 
m−2 year−1) during the entire growing season (according to Linderson et al. 2007):

RUE = ΔWs / APAR  (1)

and 

APAR = PARabove (1 − e−kLAI),  (2)

where PARabove is incident PAR above the canopy and k is the extinction coefficient (set to 0.5; Eckersten 
1984). 
An allometric equation was developed (Fischer 2012) to estimate aboveground stocking woody biomass (an-
nual productivity). We thus determined R2 values to estimate the yearly aboveground woody biomass prior to 
and after coppicing. At the end of growing season we performed a stem inventory and repeated the same pro-
cedure every year prior to the start of the growing season. 
Data analyses were performed using the STATISTICA 9 statistical package (StatSoft, USA), in particular for 
an analysis of variance with post-hoc Fischer’s least significant difference to evaluate the significance of dif-
ferences between treatments at p < 0.05.

ReSultS
Stand woody biomass productivity and productivity rate for poplar hybrid clone J-105 depended on light ef-
ficiency or RUE and LAI. Prior to coppicing, the maximum productivity for poplar clone J-105 was 16.5 dry  
t ha−1 year−1, LAImax was 7.3, and RUEmax was 0.25 g mol−1 in 2009 after 8 years of growth. After coppicing, the 
maximum productivity was 10.31 dry t ha−1 year−1, LAImax was 6.8, and RUEmax was 0.20 g mol−1 in 2012 af-
ter 3 years of growth. Fig. 1 shows annual stand level woody biomass (dry t ha−1 year−1) production and RUE 
both prior to and after coppicing (p = 0.75, i.e. the differences were not significant) in a SRC culture of hybrid 
poplar clone J-105. LAI dynamics are shown in Fig. 2. 
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Fig. 1:  Stand level woody biomass production (left) and radiation use efficiency (RUE; right) for each growing season before and 
after coppicing of poplar clone J-105.

Fig. 2:  Seasonal pattern of leaf area index (LAI; m2 m−2) in SRC culture prior to (2008 and 2009) and after (2010, 2011, and 
2012) coppicing. 

dISCuSSIon
The maximum RUE was 0.25 g mol−1 prior to coppicing and 0.20 g mol−1 after coppicing, which is similar to 
values reported by Linderson et al. (2007), who estimated 0.31 g mol−1 for many clones of willows in south-
ernmost Sweden, as well as Eckersten (1984), who reported RUE of 0.43 g mol−1 in western Sweden. Our 
values were lower than those observed by Bullard et al. (2002), who recorded 0.39–0.53 g mol−1 for a simi-
lar planting density in the UK. They used extinction coefficients of 0.2–0.5 based on observations in 2-year-
old plantations, and so our results are almost similar to these previous results. We used the value reported by 
Eckersten (1984) of k = 0.5. Values ranged from 0.4–0.6. In Pennsylvania and Wisconsin in the US., RUE 
values were 1.5 for poplar and balsam fir (Pothier et al. 1991). 
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abStRaCt
The main objective of this study was to test if water-use efficiency (WUE) values are higher for short-rota-
tion poplar coppice than they are for field crops. WUE of woody biomass was determined for 16 trees with-
in a short-rotation poplar coppiced culture (poplar clone J-105) in the Bohemian–Moravian Highlands 
within the Czech Republic during the 2013 growing season. Total WUE of woody biomass for the 16 mea-
sured trees was 4.93 g kg−1 when calculated with the data set without a vapour pressure deficit condition 
and 4.63 g kg−1 when calculated with the data set with a vapour pressure deficit condition. Poplar clone 
J-105 is a tree species with relatively high WUE, but some crops or short-rotation coppice species can 
reach higher or comparable WUE values.

IntRoduCtIon
A site’s water availability constitutes one of the main constraints for short-rotation coppice grown on arable 
land (Fischer 2012). Hellriegel (1883) and Maximov (1923) are among the first researchers to have carried 
out calculations on the relationship between increases in dry matter and water requirements. By dividing bio-
mass productivity, expressed as organic dry matter, by the water lost by transpiration, water-use efficiency 
of productivity (WUEP) or long-term WUE (WUEL) is obtained (de Wit 1958). This method of determining 
WUE is usually directly related to forestry practices since it is estimated on the basis of dendrometric mea-
surements. In practice, these measurements can be performed only on the above-ground parts. Therefore, 
WUEL is also mostly estimated for above-ground biomass production, expressed either in volume units or 
as the weight of fresh or dry matter (Cienciala 1994). The present study calculated WUE of woody biomass 
(WUEWB). Its aim was to test the hypothesis that WUE values are higher for short-rotation poplar coppice 
than they are for field crops.

mateRIalS and methodS
The study was carried out on a short-rotation poplar coppice (J-105, P. maximowiczii A. Henry × P. nigra 
L., theoretical density of 9,216 trees ha−1) of the ZEMSERVIS zkušební stanice Domanínek, s.r.o. research 
company located in Bystřice nad Pernštejnem (530 m a.s.l.) within Bohemian–Moravian Highlands in the 
Czech Republic. The plantation was established in April 2002 on 2.85 ha of agricultural land. According 
to long-term (1981–2010) climatic data, the mean annual temperature at the site is 7.2°C and the mean 
annual precipitation is 609.3 mm. The soil type at the site is deep luvic Cambisol influenced by gleyic pro-
cesses (Fischer et al. 2013). Measurements were carried out during the 2013 growing season. The study is 
based on 16 trees where sap flow measuring systems (Granier’s thermal dissipation probes [TDPs]) were 
installed (Granier 1987). Despite the fact that the TDP method involves damage to the wood tissue which 
consequently changes the wood’s thermal properties and wound width of the non-conducting sapwood 
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due to healing reactions may lead also to underestimating sap flow (Bush et al. 2010, Lu et al. 2004), no 
conspicuous damage was observed during the present study. Diameter at breast height (DBH; 1.3 m above 
the ground) was measured once every 7 days (from 24 April 2013 to 15 October 2013) using a digital elec-
tronic calliper. The measured trees were divided into three diameter classes according to their DBH values 
at the beginning of regular measurements. DBH values at the beginning and at the end of regular mea-
surements were calculated as averages of the first three and the final three measurements to increase ac-
curacy. The three diameter classes were as follows: Class 1  49.8–58.5 mm, Class 2  40.7–48.8 mm, and 
Class 3 26.5–39.1 mm. TDP outputs were expressed as the temperature differences (ΔT) between heated 
and non-heated probes. Estimation of sap flux density (Fd) using Granier’s method relies on the measure-
ment of ΔT. Therefore, data on obtained ∆T (expressed in Kelvins) were first checked for measurement 
quality and extreme values (< 4 K and > 20 K) were removed. Determining the maximum temperature dif-
ference (ΔTmax) is essential for Fd calculating. Although ΔTmax can be theoretically defined as ΔT at Fd = 0, a 
zero-flow state many be prevented by may factors, such as water loss from the canopy due to a high vapour 
pressure deficit (VPD) (Lu et al. 2004). Therefore, the VPD condition was established to determine ΔTmax. 
Two ΔTmax data sets were established to compare these two approaches: (1)  without VPD condition where 
values were taken every night at 3:00 as this is the time when ΔT should be at its daily maximum, and (2) 
with VPD condition where ΔT was taken at 3:00 only if mean VPD was less than 0.2 kPa for the 6 previous 
hours during the night (from 21:00 to 3:00) since this is the supposed time after which the tree has negli-
gible transpiration. Linear interpolation was used to prepare a half-hourly dataset of ΔTmax. Subsequently, 
Fd and Q values were calculated according to Lu et al. (2004) for both variants of ΔTmax. Fd and Q data were 
removed from days where less than 16 h of values were recorded as daily mean Fd values and daily Q totals 
would be skewed. Missing sap flow data were gap-filled based on the methodology described in Fischer et 
al. (2013) using regression analysis between reference evapotranspiration (Allen et al. 1998) and sap flow. 
Allometry was conducted to determine woody biomass. A total of 16 trees with different DBH values (as 
diameter classes representative of the plantation) were selected and subsequently cut. Stem heights, DBH 
values (as the average of measurements in 2 directions), and fresh weights of stems and branches (with-
out leaves) were determined separately. These samples were dried to a constant mass (70°C for 4 days) and 
then dry weights were determined. The relationship between cut trees’ dry matter and DBH values was 
subsequently expressed and used to fit a log-linear allometric equation. Biomass increments were calcu-
lated as the difference in dry matter at the end of 2 consecutive months. Finally, WUEP of above-ground 
woody biomass was determined by dividing biomass increments by the monthly totals of sap flow for the 16 
studied trees (e.g., de Wit 1958, Lindroth et al. 1994). Leaf biomass was not included as we were primarily 
interested in the WUE of the final harvestable biomass and leaves are not considered as a harvestable prod-
uct in this type of bioenergy system. Monthly WUEWB values were determined for the period from May to 
September (due to sap flow values displaying negligible values in April and October).

ReSultS
The graphical depiction of WUE within the Fig. 1 shows the highest WUE in May where all classes produced 
the largest amount of biomass per consumed water unit (maximum mean WUE values: 14 g kg−1 for Class 1, 
12 g kg−1 for Class 2, and 9 g kg−1 for Class 3). While classes 1 and 2 decreased their WUE from May to June, 
trees in Class 3 displayed the highest WUE in that time. The lowest mean WUE values were recorded in 
September and ranged from almost 0 to approximately 2 g kg−1.
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Fig. 1: WUE for (A) data set without VPD condition and (B) data set with VPD condition.

The statistical analysis (Table 1) revealed only one statistically significant difference, namely between the 
WUE of classes 1 and 3 in May. WUE values were very similar for both data sets and also for all 3 classes of 
trees, which may have been caused by relatively low variation of DBH classes within the measured trees due 
to the dense spacing that limits radial growth.

Table 1:  Statistical analysis of water-use efficiency. Results of ANOVA and post-hoc Fisher’s least significant difference test 
showing the statistical significance (p-values) of interactions among water-use efficiency values within particular 
months and classes.

dISCuSSIon
Mean WUEWB for all 16 trees was 4.93 g kg−1 in the data set without VPD condition and 4.63 g kg−1 in the data set with 
VPD condition with minima of 0 to approximately 2 g kg−1 and maxima of 14 g kg−1 for Class 1, 12 g kg−1 for Class 2, 

Without VPD condition With VPD condition

Month Class Class 1 Class 2 Class 3 Month Class Class 1 Class 2 Class 3

May 1 0.199 0.015 May 1 0.267 0.029

2 0.199 0.197 2 0.267

3 0.015 0.197 3 0.029 0.227 0.227

June 1 0.372 0.444 June 1 0.416 0.641

2 0.372 0.925 2 0.416 0.742

3 0.444 0.925 3 0.641 0.742

July 1 0.805 0.981 July 1 0.827 0.901

2 0.805 0.825 2 0.827 0.930

3 0.981 0.825 3 0.901 0.930

August 1 0.704 August 1 0.977 0.824

2 0.964 0.964 0.725 2 0.977 0.839

3 0.704 0.725 3 0.824 0.839

September 1 0.609 0.498 September 1 0.653 0.550

2 0.609 0.844 2 0.653 0.861

3 0.498 0.844 3 0.550 0.861
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and 9 g kg−1 for Class 3. Schmidt et al. (2014) determined WUEWB ranging from 1.2 to 10 g kg−1 for polar clone J-105 
and from 4 to 13 g kg−1 for willow (Salix triandra × S. viminalis). Kiniry et al. (2008) determined mean WUE of four 
switchgrass types ranging from 3 to 5 g kg−1. These authors also presented studies showing mean WUE values for 
maize (Zea mays) in the U.S. of 2.5 g kg−1. Lawes (1850) determined wheat WUE of 4.04 g kg−1 when unmanured 
and 4.50 g kg−1 when manured. Later, Condon et al. (1990) determined wheat WUE of 4.06–5.27 g kg−1 in well-
watered plants and 4.69–5.95 g kg−1 in water-stressed plants. When only marketable biomass (yield) WUE (i.e. for 
crops the grain dry weight per unit water used, WUEyield) is considered (Tallec et al. 2013) instead of above-ground 
biomass for comparison, mean WUEyield for maize was 1.14 g kg−1 (according to the studies presented by Kiniry et 
al. 2008). Another study presented for two sites in south-west France WUE of 5 g kg−1 for maize used for silage, 
WUEyield of 4.9 g kg−1 for maize, and mean WUEyield of 1.7 and 2.1 g kg−1 for winter wheat (Tallec et al. 2013). The pop-
lar clone J-105 is a tree species with relatively high WUE, but some crops or short-rotation coppice species can reach 
higher or comparable WUE values depending especially on the site’s water conditions.
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abStRaCt
“Wood, in fact, is the unsung hero of the technological revolution that has brought us from a stone and 
bone culture to our present age” (Perlin 1991). Given its high-energy content and versatile use, biomass 
in the form of wood has been used for energy purposes for millennia. The production and use of woody 
biomass resources has been expanding around the world. The main drivers of its use as a source of energy 
are diversification and mitigation of energy related greenhouse gas emissions through partial substitution 
for fossil fuels. An alternative to sourcing wood biomass from natural forests is short rotation woody cop-
pice. Its productivity is largely dependent on the environment in terms of climatic conditions. Especially 
drought is the main constraint on woody biomass production and involves serious economic consequenc-
es. For that reason, our field experiment was designed to evaluate the impact of decreased soil water avail-
ability on productivity of a poplar based short rotation coppice plantation over multiple growing seasons 
during 2011–2014. Aboveground biomass productivity of treatments with and without throughfall exclu-
sion was assessed within this study. Our results show a systematic decline in the productivity of the plots 
subjected to decreased soil water availability by 30% in 2011, 20% in 2012, 49% in 2013, and 51% in 2014 
compared to control plot. Aboveground biomass productivity ranged from 8.8 to 9.9 t dry matter ha−1 year−1 
for the control treatment and 4.5 to 8.0 t dry matter ha−1 year−1 for the treatment with throughfall exclusion. 
On average, the throughfall exclusion treatment exhibited 47% less productivity than control treatment 
had over the entire study period.

IntRoduCtIon
Short rotation woody coppice (SRWC) has become the predominant term for biomass productions sys-
tems that are cultivated for energy purposes using fast-growing tree species with the ability to re-sprout 
from stumps after harvest and that are grown over short intervals of 2–6 years (Busch 2009). Species con-
sidered for SRWC include willows in northern Europe and poplars in central and western Europe (Mitchell 
et al. 1999). The productivity of poplar and willow SRWC plantations is largely dependent on the environ-
ment in terms of soil characteristics and climatic conditions (Amichev et al. 2010, Broeckx et al. 2013). 
Especially drought is the main constraint on woody biomass production and involves serious economic 
consequences. As climate change precedes, the frequency, intensity, and duration of heat waves is increas-
ing across Europe. Higher temperatures increase evaporation and may intensify droughts in the Czech 
Republic. Increased global radiation and air temperature together with decreased relative humidity have 
led to higher reference evapotranspiration (ETo) in all months of the growing season. This trend is particu-
larly evident in April, May, and August, when more than 80% of the territory shows increased demand for 
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soil water (Trnka et al. 2014). In areas where long-term ETo exceeds precipitation, biomass productivity 
may be limited, particularly when the temporal distribution of precipitation is uneven. This also applies 
to our study site, where total ETo was 8% higher than was total rainfall over 2008–2014. The main goal of 
this study is to quantify differences in aboveground biomass yield from a functional SRWC plantation with 
natural and reduced soil water availability in a throughfall exclusion experiment.

mateRIalS and methodS
The study was carried out from June 2011 through November 2014 at the Domanínek research site 
(49°31’N; 16°14’E, 578 m a.s.l.). The site is located in the eastern part of the Bohemian–Moravian 
Highlands and is a rain-fed area with mean annual precipitation of 609.3 mm and mean annual tempera-
ture of 7.2°C. In April 2002, a high density plantation based on poplar clone J-105 (Populus nigra L. × P. 

maximowiczii Henry “Maxfünf”) with a total area of 1 ha was established in Domanínek, accommodat-
ing a theoretical density of 9,216 trees ha−1. The year 2014 represents the sixth year of the second rota-
tion cycle. The experiment consisted of two adjacent square-shaped plots of 25 m2 each. The throughfall-
exclusion (R) plot was equipped with plastic roof strips intercepting rainfall and a ditch excluding water 
runoff. The ditch was dug around the perimeter of the R plot in June 2012, down to a depth of 50 cm. The 
neighboring control (C) plot with natural rainwater income was taken as the reference. Initial through-
fall reduction on the R plot was set empirically to 40%, but from June 2013 roof coverage was increased 
to 70%. Annual aboveground productivity was determined from annual stand inventorying of each plot 
(R and C treatments). Diameter at breast height (DBH) in mm of all shoots and stems within each treat-
ment was measured at 1.3 m above the ground. Then, the allometric relationship y = 2.96 10−4 DBH2.39 (R2 
= 0.99) was applied to estimate total standing dry biomass per plot. Total dry biomass production per plot 
was scaled up to the area of 1 ha according the number of stools per plot and per ha. The C plot contained 
20 stools and the R plot 16 stools. Dry biomass production per plot was multiplied by the number of stools 
per ha divided by the number of stools per plot. In this way, dry biomass production per ha−1 was obtained. 
Volumetric soil moisture was measured at depths of 0–0.3 m using CS 616 time-domain reflectometers 
(Campbell Scientific, UK).

ReSultS
This field experiment enabled evaluation of the effect of decreased rainwater income on the biomass produc-
tivity of a productive SRWC stand. The dry biomass production of contrasting C and R treatments during 
2011–2014 is presented in Fig. 1. Mean annual production of the C plot was 9.3 t dry matter (DM) ha−1 year−1, 
whereas the R plot, which was exposed to drought, displayed mean annual production of 4.9 t DM ha−1 year−1 
during the study period of 2011–2014. Annual production of C plot was 8.8 t DM ha−1 year−1 in 2011, 9.9 in 
2012, 9.6 in 2013, and 9.2 in 2014, whereas R plots recorded 6.2 t DM ha−1 year−1 in 2011, 8.0 in 2012, 4.9 in 
2013, and 4.5 in 2014. Dry biomass production in the R treatment was reduced in comparison to the C plot 
by 30% in 2011, 20% in 2012, 49% in 2013, and 51% in 2014. The highest yields on both treatments were 
achieved in 2012, while the lowest yield occurred in 2011 in the C plot and in 2014 in the R plot. The course of 
volumetric soil moisture of C and R plots during 2011–2014 illustrates the gradual development of drought 
intensity on the R plot over the study period (Fig. 2). For both treatments, saturation level was around 30%, 
with a minimum level of 15% for the C plot and 13% for the R plot.
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Fig. 1:  Aboveground dry biomass production during 2011–2014 of two contrasting treatments: (C) with natural rainwater in-
come and (R) with reduced rainwater income. 

Fig. 2:  Course of volumetric soil moisture (0–0.3m) of two contrasting treatments, (C) natural rainwater income and (R) re-
duced rainwater income, during the 2011–2014 growing seasons (GS). 
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dISCuSSIon
Overall biomass production on the C plot was 9.4 t DM ha−1 year−1, which falls within the range of 5–10 t DM 
ha−1 year−1 reported for poplar biomass (Hauk et al. 2014, King et al. 2013, Verlinden et al. 2015). The C plot 
maintained a more or less consistent yield level across all experimental years. In comparing among years, 
yield from 2011 should not be considered as a complete seasonal yield because initial stem inventory was 
carried out as late as mid-June, when seasonal biomass growth had already commenced. The R plot clearly 
showed reduced productivity (Fig. 1), likely related to a decrease in soil moisture content (Fig. 2). The soil 
moisture levels of both treatments were almost equal in 2011. In 2012, the insulating ditch was dug around 
the R plot and the soil moisture difference was more pronounced than it had been in 2011. From mid-June 
2013, there was an obvious decrease in soil moisture on the R plot as roof coverage was increased from 40% to 
70%. This trend continued in 2014 and most likely caused the decreased productivity on the R plot. Biomass 
productivity fell from a 20% reduction compared to the C plot in 2012 to a 50% reduction in 2013 and 2014. 
On average, the R treatment exhibited an overall 47% decrease in productivity compared to the C treatment 
over the entire study period. Wikberg & Ögren (2007) found that willow clones subjected to 50% rainwater 
income reduction produced 35–60% less aboveground biomass than did control plants. Souch & Stephens 
(1998) even reported a 60–75% decrease in productivity for poplar hybrids grown in pots. Our results show 
the considerable resilience of the poplar clone J-105 as well as its ability to sustain a certain level of productiv-
ity even under long-term drought. This study should contribute to understanding the issue of how the chang-
ing climate will affect bioenergy production in the Czech Republic, as this country exports much of its bioen-
ergy production abroad (Benetka et al. 2007, Lewandowski et al. 2006).
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abStRaCt
The main objective of this 4-year experiment conducted in a mountain grassland ecosystem was to investigate 
the interactive effects of ultraviolet (UV) treatment and drought on changes in accumulation of UV-screening 
compounds (flavonols) in selected herbs (Hypericum maculatum Crantz, Rumex obtusifolius L.) and grass 
(Agrostis tenuis Sibth.). Inasmuch as drought and UV radiation induce similar protective mechanisms, we 
tested the hypothesis that UV radiation and drought elicit synergistic effects on flavonol accumulation.
The experimental plots were manipulated using rainout shelters enabling the exclusion and transmission of 
incident precipitation and UV radiation. Generally, UV and drought treatments had similar effects on fla-
vonol accumulation. For R. obtusifolius, UV exclusion resulted in a substantial reduction of UV-screening 
compounds, particularly under ambient precipitation conditions, while for H. maculatum and A. tenuis UV 
exclusion caused only a slight reduction of flavonol content. Similarly, the drought treatment caused an in-
crease in flavonol accumulation.

IntRoduCtIon
Under natural conditions plants are affected by various environmental impacts. In many regions, reduced 
water availability is frequently accompanied by increased ultraviolet (UV) radiation (Ballaré et al. 2011). 
Drought stress and UV radiation are the most adverse factors for plant growth and productivity. 
An important mechanism of tolerance for water deficits and UV radiation is the production of secondary 
metabolites (e.g. flavonols) that accumulate in epidermal cells where they effectively screen UV irradia-
tion and reduce its penetration to mesophyll tissue. Flavonols also play a role in water deficit avoidance 
and tolerance by regulating stomatal closure and improving water use efficiency (Ramanjulu & Bartels 
2002). 
Some findings attribute the primary role for flavonoid induction to UV (Balakumar et al. 1993) while other 
results suggest interaction with water stress (Nogués et al. 1998). In addition, accumulation of the osmoreg-
ulator proline has been observed in response to a number of environmental factors, including drought and 
UV (Shetty et al. 2002). UV radiation has been shown to increase proline accumulation and drought toler-
ance in pea, wheat (Alexieva et al. 2001), and clover (Hofmann et al. 2003). Moreover, exposure of a UV-
sensitive Arabidopsis mutant to UV-B radiation increased production of dehydrin proteins, which may have 
contributed to improved drought tolerance (Schmidt et al. 2000).
Because these protective mechanisms play an adaptive role in both water stress regulation (Gitz & Liu-Gitz 
2003) and attenuation of UV-B radiation (Ibañez et al. 2008), interactive effects between UV-B exposure and 
drought stress in plants are assumed. However, existing data concerning the interaction between UV-B and 
drought on plant biochemical processes are equivocal.
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Since drought and UV radiation induce similar protective mechanisms (e.g. Cechin et al. 2008), we tested the 
hypothesis that UV radiation and drought elicit synergistic effects on flavonol accumulation.

mateRIalS and methodS 
Experimental site 

The experiment was situated within a grassland ecosystem (association Molinio-Arrhenatheretea, alliance 
Polygono-Trisetion) at the Bílý Kříž Ecological Experimental Study Site (49°30’N, 18°32’E) in the Moravian–
Silesian Beskid Mountains. The long-term mean annual temperature there is 6.8°C and precipitation is 
1,318 mm. The site is located at an altitude of 855 m a.s.l. on an 8.5° slope with south-east exposure. Soil type 
is Gleyic Luvisol (FAO classification). 

Experimental design 

The experiment was conducted from 2011 to 2014 (Table 1). The plots (1.5 × 4 m each) were manipulated 
using six roof constructions covered by acrylic lamellas. The construction either enabled or blocked trans-
mission of incident precipitation. The lamellas were made of two types of acrylic filter (3 mm thick). The first 
type (UVT Solar, Quinn Plastics, UK) transmitted more than 90% of incident UV-A and UV-B radiation (UV+ 
treatment) and the second type (Quinn XT, Quinn Plastics, UK) filtered UV-B radiation and most UV-A ra-
diation (UV- treatment). In this way, four treatments were established: UV-dry, UV-wet, UV+dry, UV+wet.

Flavonol measurement 

In situ measurements were taken after an induced drought period (Table 1). Flavonol content was determined 
by the method of epidermal UV screening measured by the chlorophyll fluorescence technique (Dualex 4 
Flav, Force-A, FR). All measurements were conducted on dicotyledonous Hypericum maculatum (Crantz) 
and Rumex obtusifolius (L.) and monocotyledonous Agrostis tenuis (Sibth.) species.

Table 1: Experimental design. IDP: induced drought period.

ReSultS
Effect of drought stress and UV radiation on flavonol content 

Generally, drought and UV treatments had similar effects on flavonol content (Fig. 1), although the effect 
slightly differed among individual years. Both factors caused an increase in flavonol accumulation. This ef-
fect was additive.
The most considerable effect of drought on accumulation of flavonols was observed in 2011 and 2012. The 
highest impact of UV radiation on flavonol content was observed in 2012 and 2014.
For A. tenuis, there was no effect of drought displayed in 2014; only an effect of UV was observed. 

Year IDP Length of IDP days Flavonol measurement

2011 5 May–4 Aug 89 4 Aug

2012 10 May–11 Jul 62 10–11 Jul

2013 15 May–2 Jul 48 2–3 Jul

2014 21 May–17 Jul 57 2–3 Jul
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Effect of species on flavonol content 

UV exclusion resulted in a slight reduction of UV-shielding compounds in all species studied. This reduction 
was more pronounced under ambient precipitation conditions (wet treatment). As a grass, A. tenuis generally 
had the lowest flavonol content of all monitored species, especially compared to H. maculatum. Although H. 

maculatum is a species with high flavonol content, an increase of flavonols was observed under UV exclusion. 
Rumex obtusifolius showed the highest annual variability in flavonol content among the species studied.

Fig. 1:  Flavonol content measured in vivo using a Dualex 4 Flav. Data are presented for the grass Agrostis tenuis and herbs 
Hypericum maculatum and Rumex obtusifolius for 4 years of the experiment. Means (columns) and standard deviations 
(error bars) are presented (N ≥ 10).
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dISCuSSIon
In agreement with the tested hypothesis, the highest flavonol contents were observed in UV+dry treated 
plants, while the lowest contents were found for UV-wet plants. This was observed in all species and years 
studied. UV radiation thus has the potential to moderate the negative effects of drought on plants via ad-
justed flavonol content. The initial hypothesis was confirmed in both mono- and dicotyledonous species. 
Nevertheless, the year-on-year variability is substantial as a result of different precipitation, soil moisture, 
and solar radiation in particular years. 
Generally, accumulation of flavonoids is considered to be the main photoprotective response associated with 
acclimation to excessive radiation, UV, drought, and so forth (Kataria et al. 2014). Flavonols in particular 
may serve as epidermal UV-absorbing pigments or as antioxidants scavenging free radicals and reactive ox-
ygen species or contribute to energy dissipation in response to excess light and drought stress (Tattini et al. 
2004). It has been shown that increased flavonol accumulation under stress conditions positively correlates 
with maintenance of both stages (quantum yield of photosystem II and CO2 assimilation) of photosynthesis 
(Klem et al. 2015). In addition, it has been reported that when UV irradiation and drought stress were applied 
simultaneously the flavonol concentration in studied lettuce plants increased in comparison to when there 
was only a single stress factor (Rajabbeigi et al. 2013).
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abStRaCt
The interactive effects of elevated CO2 concentration (EC; 700 μmol mol–1), drought stress, UV exclusion, 
and nitrogen nutrition were studied in open-top chambers located in the Bohemian–Moravian highlands (24 
in total). Above-ground biomass at the time of harvest, grain yield, and grain quality parameters were stud-
ied in winter wheat (variety Bohemia) and spring barley (variety Bojos). The results showed that elevation of 
CO2 concentrations increased above-ground biomass and grain yield. Higher levels of nitrogen increased the 
stimulatory effect of EC on above-ground biomass and grain yield. In addition, UV exclusion stimulated the 
effect of EC. EC generally led to increased rates of photosynthesis and assimilate formation. Increased stor-
age of starch in the grain led to an unbalanced proportion of proteins and a decrease in their relative content 
in grain. Similarly to grain yield and above-ground biomass, the decrease in protein content under EC was 
also more pronounced under UV exclusion. EC led also to reduction of other quality parameters, such as the 
Zeleny sedimentation test. This effect is more pronounced when nitrogen is not a limiting factor as well as 
under the effect of drought. The stronger effect under drought stress is probably due to increased water use 
efficiency.

IntRoduCtIon
The global concentration of carbon dioxide (CO2) has been rising rapidly since the start of the Industrial 
Revolution in the second half of the 18th century. Current CO2 concentration is at about 399.39 μmol mol–1 
and is increasing by about 2 μmol mol–1 per year (Dlugokencky & Tans 2015). This CO2 concentration is the 
highest it is has been over the past 15–20 million years (Tripati et al. 2009). Absent any effort to decrease at-
mospheric CO2 concentration, it is possible that it may reach a level greater than 1,000 μmol mol–1 by 2100 
(Sokolov et al. 2009). Understanding how plants would respond to such increased CO2 concentration will 
help us understand how they are now responding and how they have adapted to the increase in CO2 concen-
tration that already has occurred. Some studies have already shown that doubling atmospheric CO2 concen-
tration increases total above-ground biomass by approximately 20–110% (Manderscheid et al. 1995). In the 
short term, C3 plants appear to respond directly to rising CO2 concentration through Rubisco enzyme accli-
mation and decreased stomatal opening (Ainsworth & Rogers 2007). These changes, which boost the effi-
ciency of both CO2 uptake and water use, produce a wide range of secondary responses, most notably large 
increases in leaf non-structural carbohydrates, improved plant water status including increased leaf water 
potential, as well as in many cases increases in plant carbon to nitrogen ratio and decreases in leaf Rubisco 
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activity, stomatal density, and root/shoot mass (Long et al. 2004). This increased potential is rarely realized 
fully in the long-term, however, due to down-regulation of photosynthetic capacity (Urban 2003). It is obvi-
ous that nitrogen nutrition, which is particularly reflected in the amount and activity of the enzyme Rubisco, 
and water availability for plants, which interacts with the stomatal response to elevated CO2 concentration, 
are the main factors that may influence elevated CO2 concentration’s effect on the productivity and qualita-
tive parameters of field crops. 
The main objectives of the experiment were to analyse expected global changes’ impacts on wheat and barley 
grain production and quality parameters and study the mutual interactions of several factors simultaneously: 
elevated CO2 concentration, exclusion of UV, drought stress, and nitrogen nutrition.

mateRIalS and methodS
The open-top chamber (OTC) experimental facility is located at Domanínek near Bystřice nad Pernštejnem in 
the Bohemian–Moravian Highlands (Czech Republic, 49°31.520’N, 16°13.900’E, 575 m a.s.l.). This region 
is characterized as a rain-fed area with mean annual precipitation of 610 mm and mean annual temperature 
of 7.2°C. The soil type is modal cambisol with geological bedrock weathered gneiss at depths of 60–90 cm. 
Soil texture is sandy loam (45–60% sand and as much as 16% clay) and pH (KCl) is between 4 and 5. The ex-
perimental facility consists of 24 OTCs with a hexagonal ground plan with diameter of 4 m. The basic height 
of a chamber is 2 m and above this construction is placed a roof with rotating lamellas enabling control of 
chamber ventilation and precipitation. Ventilation (temperature difference), CO2 concentration, and precipi-
tation were controlled automatically by a control unit based on feedback regulation using data from a set of 
sensors and analysers.
Each chamber was divided into two halves with one half sown with winter wheat (Triticum aestivum L.) and 
the second half with spring barley (Hordeum vulgare L.). Winter wheat variety Bohemia with bread quality A 
was sown on 10–11 October 2013 at a density of 3.5 million germinable seeds (MGS) per hectare. Spring bar-
ley variety Bojos with malting quality was sown on 18 March 2014 at a density of 3.5 MGS ha−1. Each plot was 
additionally divided into subplots with one half fertilized with nitrogen (calcium nitrate, Ca(NO3)2) and the 
other half not fertilized at all. Fertilization was done on 14 March 2014 in wheat and 10 April 2014 in wheat 
and barley always at rate 100 kg N ha–1. Total nitrogen was thus 200 kg ha–1 in wheat and 100 kg ha–1 in bar-
ley. Both crop species were exposed throughout the growing season (May–July) to ambient and elevated (700 
μmol mol–1) CO2 concentrations.
Above-ground biomass was harvested manually at full ripening and weighed. This was followed by grain 
threshing using a Delta Plot combine small-plot harvester (Wintersteiger AG, Austria). Cleaned grain was 
used for analysis of protein content on a Flash 2000 elemental analyser (Thermo Scientific, USA). Detailed 
analyses of grain quality (starch content using the NIRs method, Zeleny sedimentation test, falling num-
ber) were performed at an accredited laboratory (Central Institute for Supervising and Testing in Agriculture, 
Brno, Czech Republic) using certified analytical methods.
Statistical analyses were made using Statistica 12 (StatSoft, USA). Four-way ANOVA followed by Tukey’s 
post-hoc test was used to evaluate the effects of individual treatments.

ReSultS
Assessment of the effects of elevated CO2 concentration (EC) in interaction with the effects of nitrogen nutri-
tion and drought stress revealed similar results for both above-ground biomass and grain yield in both crop 
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species studied. EC generally increased above-ground biomass and grain yield (Fig. 1). Nitrogen fertilization 
strengthened the stimulatory effect of EC on above-ground biomass and grain yield. Similarly, UV exclusion 
stimulated the effect of EC concentration. The effect of drought on grain yield was more pronounced in spring 
barley, and the alleviating effect of EC was also more obvious in this crop species. EC also reduced some qual-
ity parameters, such as protein content (Fig. 2) and the Zeleny sedimentation test.

Fig. 1:  Interactive effects of CO2 concentration (AC: ambient CO2 concentration, EC: elevated CO2 concentration – 700 µmol 
mol–1), UV treatment (UV+: ambient UV radiation, UV–: excluded UV radiation), nitrogen nutrition (N+: 200 kg N 
ha−1, N–: 0 kg N ha–1) and drought (wet: ambient precipitation; dry: precipitation excluded from the middle of stem 
elongation) on grain yield of winter wheat (variety Bohemia). Means (columns) and standard deviations (error bars) 
are presented (N = 3). Different letters denote statistically significant differences among individual treatments using 
Tukey’s post-hoc test (p ≤ 0.05).

dISCuSSIon
Considering incessant increases in global CO2 concentration, it is necessary to determine not only how plants 
will respond to this factor itself but also how these effects will be modified by such other factors expected in 
future as drought, UV radiation, and nitrogen availability. In our study, we found that the effect of EC is mod-
ulated by other growing or environmental factors, particularly nitrogen nutrition and UV radiation and to a 
lesser extent also drought stress. Nitrogen deficiency is one of the main causes of feedback regulation of pho-
tosynthesis under EC and becomes the limiting factor. Therefore, the effect of EC under these conditions is 
usually low. Reich et al. (2006) showed in a grassland ecosystem that EC stimulated plant biomass much less 
under ambient than enriched N supply. As these limitations on productivity resulting from insufficient avail-
ability of N are widespread in both unmanaged and managed vegetation, those authors concluded that soil N 
supply is probably an important constraint on global terrestrial responses to EC. In accordance with our re-
sults, Teramura et al. (1990) found a reduction or disappearance of EC’s stimulatory effect under higher UV 
radiation intensity on wheat grain yield and biomass. Our study found no interactive effects between EC and 
drought stress, although some studies have shown modulation of EC by regulation of stomatal closure and 
thereby increasing water use efficiency. The effect of CO2 concentration in reducing stomatal conductance 
and decreasing canopy evapotranspiration was reviewed by Leakey et al. (2009).
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Similarly to our results, Wieser et al. (2008) found that EC caused significant reductions in protein content 
and all protein fractions and types except albumins and globulins. EC effects were more pronounced in wheat 
samples supplied with larger amounts of N fertilizer, which is in accordance with our results.

Fig. 2:  Interactive effects of CO2 concentration (AC: ambient CO2 concentration, EC: elevated CO2 concentration – 700 µmol 
mol–1), UV treatment (UV+: ambient UV radiation, UV–: excluded UV radiation), nitrogen nutrition (N+ 200 kg N ha–

1, N–: 0 kg N ha–1) and drought (wet: ambient precipitation, dry: precipitation excluded from the middle of stem elon-
gation) on grain protein content of winter wheat (variety Bohemia). Means (columns) and standard deviations (error 
bars) are presented (N = 3). Different letters denote statistically significant differences among individual treatments 
using Tukey’s post-hoc test (p ≤ 0.05). 
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abStRaCt
Methods of study based on the spectral reflectance of vegetation are now commonly used in researching both 
natural ecosystems and field crops (Aparicio et al. 2000). The aims of this experiment were to evaluate the ef-
fect of drought and nitrogen (N) fertilization on N use efficiency in winter wheat and use the obtained spectral 
characteristics to assess stand heterogeneity as a potential consequence of different crop nutrition. Twelve 
experimental plots of winter wheat were manipulated to drought from 8 May 2013 to 12 June 2013. The ef-
fect of drought was observed in two treatments: control without fertilization (N0; 0 kg N ha−1) and N ferti-
lization (N140; 140 kg N ha–1). Plant samples were then taken for determination of above-ground biomass 
and N content in dry matter. Spectral characteristics of wheat were measured in the earing phase at canopy 
level. The effect of drought on the morphometric parameters of winter wheat was statistically significant only 
on N-fertilized plots (N140). Total above-ground biomass decreased by a significant 18% in the N140 treat-
ment as a result of the simulated drought. This decrease was reflected in statistically significant reductions of 
all individual plant parts (stems, leaves, spikes) in N140. Responses to drought stress were observed in many 
vegetation indices, particularly in NDVI, GNDVI, and WI/NDVI. The results show that there are significant 
relationships between N content in the grain and vegetation indices. In particular, a quite marked separa-
tion was observed in the relationships between dry and ambient treatments for vegetation indices NRERI, 
TCARI/OSAVI, VOG2 and GM. Generally, the impact of drought increased at higher levels of N content in 
the grain, which corresponded with the results of morphometric analysis. Use of reflectance in the study of 
vegetation and field crops regarding risk assessment of mineral N leaching from soils has considerable poten-
tial especially in mapping large areas and monitoring temporal changes relating to N release.

IntRoduCtIon
The results of monitoring and research of European soils provide evidence of gradual soil degradation (Van 
den Akker et al. 2003). Its causes include excessive application of nitrogen (N) fertilizers as well as anthropo-
genic atmospheric N deposits. It is in the public interest to prevent increases in nitrate content in groundwa-
ter. To investigate wheat canopy heterogeneity resulting from different nutrition regimes, we applied non-de-
structive methods based on spectral reflectance. The basic principle governing canopy reflectance spectra is 
that specific plant traits are associated with the absorption of specific wavelengths of the spectrum (Reynolds 
et al. 1999). Statistically significant correlations are often found among spectral characteristics (most fre-
quently vegetation indices) and chlorophyll content per area unit (Houborg et al. 2007), nutritional status 
of the stand (Jorgensen et al. 2007, Zhao et al. 2005), total above-ground biomass (Starks et al. 2006), and 
drought effects (Peñuelas et al. 2004).
The aims of this experiment were to assess the impact of drought on N use efficiency in wheat and evaluate 
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stand heterogeneity as a potential consequence of different nutritional regimes using spectral characteristics. 
We assumed that a period of drought followed by simulated extreme precipitation would have a decisive in-
fluence on wheat primary production (i.e. morphometric characteristics and different accumulation of N in 
wheat organs), which can be determined by spectral reflectance methods. 

mateRIalS and methodS
The experiment was conducted at a location near the village of Banín (49°40’N, 16°28’E, 454 m a.s.l.) 
on experimental plots (10 × 4.5 m) sowed with winter wheat (Triticum aestivum L. var. aestivum). For the 
dry treatment, rainout shelters constructed over the experimental plot consisted of a wood frame support-
ing polycarbonate transparent strips covering experimental plots. The wood frame was anchored by four 
wooden rods at the corners. The roof had a 20° inclination and on its lowest side a gutter that channelled 
intercepted water. A 0.2-m wide trench was dug and sheathed with a steel barrier to separate the soil of the 
roofed plots from the neighbouring soil. Shelter sides and ends remained open to maximize air movement 
and minimize temperature and relative humidity artefacts. Such rainout shelters with a roof consisting 
of bands of transparent blocks enable well-replicable experiments with minimal secondary microenviron-
mental effects. Yahdjian & Sala (2002) had detected only a relatively small edge effect on soil water con-
tent. At the beginning of stem extension (8 May 2013), experimental roofs were installed over 12 plots to 
simulate drought stress. The simulated drought lasted until 12 June 2013 (end of wheat heading). After the 
drought period, 90 mm of water was applied (in two batches) to simulate extreme rainfall, which amount 
which equalled the difference by which the areas under roofs had been deprived. Ambient treatment plots 
without roofs were left to natural precipitation income. During the experiment, soil moisture and tempera-
ture were continually monitored by soil sensors installed at a depth of 15 cm. At the end of the drought pe-
riod, soil moisture had been reduced to 33% as compared with the ambient (100%). The effect of drought 
was observed in two treatments: a control without fertilization (N0; 0 kg ha–1) and N fertilization (N140; 
140 kg ha–1, nitrogen supplied as NH4, NO3, and urea in a 1:1:2 ratio) in two doses (25 April and 14 June). 
All treatments (N0-dry, N0-ambient, N140-dry, and N140-ambient) were carried out in four repetitions. 
On 13 June 2013, plant samples (stems, leaves, and spikes) were collected to evaluate the impact of the 
drought period on morphometric characteristics. Three shoots were collected from each plot. Shoot and 
spike lengths were measured, as were leaf length and width (F, F-1, F-2, and F-3), dry weight of total above-
ground biomass, and leaf area. Specific leaf area (SLA) was calculated from the dry weight of leaves and 
leaf area. Leaf samples (F and F-1) were analysed to determine N and carbon contents in dry mass using a 
Flash 2000 elemental analyser (Thermo Scientific, USA). 
Spectral reflectance measurement at the canopy level was carried out during heading phase using a FieldSpec 
4 HiRes spectroradiometer (ASD, USA) in the range of 350–2500 nm. Measurements were made twice for 
each plot. Subsequently, vegetation and chlorophyll indices were computed from spectral reflectance curves. 
Data were evaluated by analysis of variance using Statistica 12 (StatSoft, USA).

ReSultS and dISCuSSIon
Drought is a major limiting factor for global agriculture and the limitation is greatly aggravated by N deficien-
cy (Gonzales-Dugo et al. 2010). In the present study, the effect of drought on the morphometric parameters 
of winter wheat was statistically significant only for the N-fertilized treatment (N140). The total amount of 
above-ground biomass was reduced by 18% in N140 as a result of simulated drought stress (ambient: 2.8 g 
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dry weight (DW) per plant; dry: 2.3 g DW per plant). This decrease in dry weight was reflected in statistically 
significant reductions in all individual plant parts (stems, leaves, spikes) for N140 (Table 1). 
Ground-level remote sensing enables rapid evaluation of plant and canopy physiological status in a non-in-
trusive way. Many high spectral resolution reflectance vegetation indices have been proposed with the aim 
of monitoring biomass, phenology, and the physiological conditions of plants and canopies (Peñuelas et al. 
1998). In the present study, the response to drought stress was monitored in selected vegetation indices, 
namely NDVI, GNDVI, and WI/NDVI. Because the most significant response to drought stress was recorded 
in the NDVI index, which is correlated with biomass yield and leaf area index, we can assume that the effect 
was probably at a biomass level rather than at a biochemical level (e.g. chlorophyll content). Bandyopadhyay 
et al. (2014) also studied the effects of drought and N fertilization on wheat yield and found that spectral re-
flectance based on the water indices WI and NWI-1 were significantly and negatively correlated with grain 
yield and that NWI-1 and NWI-3 were significantly and negatively correlated with biomass yield. In addi-
tion, Pradhan et al. (2014) concluded that WI recorded at booting stage can be used successfully to predict 
in advance grain and above-ground biomass yield of wheat under various water and nitrogen management 
practices.

Table 1:  Effect of drought on morphometric parameters of winter wheat in control treatment (N0) and fertilized treatment 
(N140). ∆(%) = percentage differences; shows an increase (+) or decrease (–) in selected parameter in dry treatment 
in comparison with ambient conditions (n.s.: not significant, *0.01 < p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; n = 4).

Vegetation indices measured at canopy level using the FieldSpec were subsequently used to evaluate correla-
tions with N content in grain. The results showed significant correlations of several indices with N content in 
grain. Some indices (NRERI, TCARI/OSAVI, VOG2, GM) showed clearly evident separation of the correla-
tions between dry and ambient treatments (Fig. 1). 

N0-ambient N0-dry ∆(%) N140-ambient N140-dry ∆(%)

Shoot height (cm) 54.90 54.20 –1n.s. 65.90 58.90 –11 ***

Spike length (cm)   7.70   7.50 –3n.s.   7.80   8.40   +8 **

Stem (gDW)   1.60   1.54 –4n.s.   1.95   1.57 –19 ***

Spike (gDW)   0.35   0.35 0n.s.   0.40   0.35 –12 *

Leaf F (gDW)   0.08   0.08 +4n.s.   0.14   0.12 –15 *

LA F (cm2) 12.45 11.20 –10n.s. 19.54 13.39 –31 *

SLA F (cm2 mg-1)   0.14   0.13 –7n.s.   0.14   0.12 –19 n.s.

Leaf F1 (gDW)   0.10   0.11 +13n.s.   0.14   0.12 –11 *

LA F1 (cm2) 17.55 17.60 0n.s. 21.05 19.36   –8 n.s.

SLA F1 (cm2 mg-1)   0.17   0.16 –9n.s.   0.16   0.17   +7 n.s.

Leaf F2 (gDW)   0.09   0.09 +3n.s.   0.11   0.09 –11 *

LA F2 (cm2) 16.76 14.39 –14n.s. 17.19 15.44 –10 n.s.

SLA F2 (cm2 mg-1)   0.17   0.16 –6n.s.   0.16   0.16   +1 n.s.

Leaf F3 (gDW)   0.06   0.06 +3n.s.   0.07   0.06 –15 **

Total leaves (gDW)   0.33   0.35 +6n.s.   0.46   0.40 –13 **

Total shoot  (gDW)   2.28   2.25 –1n.s.   2.81   2.31 –18 ***
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Fig. 1:  Relationships between selected vegetation indices NRERI, TCARI/OSAVI, VOG2, and GM1 and N content in grain. 
Pearson correlation coefficient and its significance *0.01 < p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 

Finally, the impact of drought was increased at higher N levels in grain, which corresponded to the results of 
morphological analyses. Only after converting N uptake per unit of area is it possible to evaluate whether the 
differences can be attributed indirectly to N use efficiency or whether they are due to the negative drought ef-
fect on production caused directly by water deficiency.
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abStRaCt
This paper evaluates the first year (2014) of results from a field experiment with spring barley (cultivar Bojos) 
under reduced precipitation supply. The field experiment was carried out at an experimental station in the 
Czech Republic and consisted of small plots in two variants and three repetitions. The first variant was un-
covered, and the second was partly covered to exclude rain throughout the entire vegetation season. For plots’ 
partial covering, a material was used to divert rainwater away from 70% of the plots. The main aim was to de-
termine whether there are any differences in soil water content or in grain yield size between uncovered and 
partly covered plots and to compare the results obtained. Data measured in this field experiment were used 
to compare simulations of this field experiment in the DAISY crop growth model. Subsequently, the crop 
growth model’s ability to simulate grain yield, which was affected by drought stress, was explored. In reality, 
differences in phenological development and grain yield size were not evident. Reducing precipitation supply 
in DAISY by about 70% led to simulations of covered plots with reduced grain yield in accordance with the 
initial hypothesis. Agreement between observed and simulated grain yield was evaluated using selected sta-
tistical indicators: root mean square error (RMSE) as a parameter of average magnitude of error and mean 
bias error (MBE) as an indicator of systematic error. RMSE of grain yield was 2.6 t ha−1. MBE revealed grain 
yield undervalued by 2.6 t ha−1.

IntRoduCtIon 
According to climate prediction models, drought periods can be expected more frequently in future (e.g., 
Trnka et al. 2011, Dubrovský et al. 2014). Plant growth may be negatively influenced by drought. One pos-
sible way to estimate the effects of expected climate conditions, such as drought, on grain yield is to use crop 
growth models (e.g., Thaler et al. 2012, Eitzinger et al. 2013, Rosenzweig et al. 2013). The hypothesis of the 
field experiment presented here was that reducing precipitation in the partly covered plot by about 70% would 
lead to reduced soil moisture and consequently to reduced grain yield in spring barley. The next step was to 
determine whether the DAISY crop growth model was able to simulate differences in grain yield in spring 
barley after precipitation reduction of about 70%.

mateRIalS and methodS 
The experiment was carried out at a field experimental station with the spring barley cultivar Bojos. The 
experimental station is situated at Domanínek in the Bohemian–Moravian Highlands (Czech Republic; 
49°31’42’’N, 16°14’13’’E; 530 m a.s.l.). The experiment consisted of small plots (3.1 × 8 m) in two variants 
(a partly covered plot and an uncovered plot) in three repetitions. The first variant was 70% covered, the cover 
diverting rainwater away from the plot. A clear SUNTUF polycarbonate sheet (Palram, Israel) 0.8 mm thick 
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was used to cover the plot. The polycarbonate sheet is impermeable to UV radiation. The manufacturer states 
that this material transmits 90% of solar radiation while excluding UV radiation. The second variant had no 
cover. For all experimental plots, two time-domain reflectometers (TDRs; CS 616, Campbell Scientific, UK) 
were placed vertically to monitor soil water content from the surface to a depth of 30 cm. Gypsum blocks, used 
to measure the soil’s water potential, were placed at depths of 20 cm. One gypsum block was placed on each 
experimental plot. Average values measured by the TDRs and gypsum blocks were stored at 10 min intervals. 
Daily averages were entered into the analysis. Grain yield harvested in the field experiment was compared 
with grain yield simulated by the DAISY crop growth model. For the purposes of this paper, DAISY was first 
calibrated according to phenological phases observed in the 2014 field experiment with the spring barley cul-
tivar Bojos. The next input parameter was meteorological data, where partly covered plots had precipitation 
reduced by about 70% in comparison to uncovered plots. To statistically evaluate the relationship between the 
modelled and measured grain yield, the following parameters were used: the mean bias error (MBE) as an in-
dicator of the average systematic error and root mean square error (RMSE), which describes the average of 
absolute deviation between observed and modelled values (Davies & McKay 1989).

Fig. 1: ( A) Comparisons between uncovered and partly covered plots in soil water content measured by TDR for spring barley 
cultivar Bojos from 0–30 cm in 2014 (n = 1). (B) Comparisons between uncovered and partly covered plots in soil water 
potential measured by gypsum block for spring barley cultivar Bojos at 20 cm in 2014 (N = 1).

ReSultS
Fig. 1 shows the values measured by TDRs in the field experiment. Soil water content (Fig. 1a) was measured 
by TDR within a range of 20–40% of volumetric soil moisture. Small differences in the curves can be seen 
where decreased water soil content was measured for the partly covered plot in comparison to that for the 
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uncovered plot. The curve measured for the uncovered plot shows the times during the year when it rained. 
This appears four times in the curve. Soil water potential (Fig. 1b) reached 1,400 kPa. This value was valid 
for the entire measuring time in the soil of the partly covered plot. Based on the four deviations in the curve 
for the uncovered plot, it can be stated that the gypsum blocks also recorded four significant instances of pre-
cipitation which influenced soil moisture. Soil in the uncovered plot was saturated by water for some time. 
Soil water potential changed considerably over the year. No changes were recorded for the partly covered plot 
during the rain period. 
Table 1 compares actual grain yield and grain yield simulated by the DAISY crop growth model. Real grain 
yields ranged from 5.18 to 6.00 t ha−1. No differences were detected between uncovered and partly covered 
plots. Only 30% of precipitation for the uncovered plot was entered into DAISY for the partly covered plot, 
which resulted in DAISY simulating decreased grain yields in accordance with the initial hypothesis. 

Table 1: Comparison of actual grain yield and grain yield simulated by the DAISY crop growth model.

dISCuSSIon
The plots in the field experiment did not have trenches dug around them. During precipitation, water could 
therefore penetrate into a plot from soil adjacent to the plot. No large differences were recorded in soil water 
content measured by TDR, as can be seen in Fig. 1a. Another possible explanation for this fact is that some 
TDRs in the partly covered plots may have been placed among stripes and therefore been only partly cov-
ered. Precipitation could thus have fallen onto the TDRs. The only recorded potential was measured by gyp-
sum blocks. Soil water potential in partly covered plots increased sooner than it did in uncovered plots (Fig. 
1b). When soil water potential rises, plants must expend more effort to obtain necessary water. The less wa-
ter there is in soil, the more underpressure plants must create to draw water. This is more demanding for the 
plants and drought stress could become evident. It can be seen in Fig. 1b that water availability under partly 
covered plots was poorer for plants than it was under uncovered plots. From Table 1, it is clear that no sub-
stantial differences in actual grain yield were recorded. The hypothesis was not confirmed in reality. A study 
by Lawlor et al. (1981) had demonstrated that irrigated spring barley had higher grain yields than did spring 
barley which suffered from water deficits. The experiment of Morgan & Riggs (1981) also proved that in 
drought conditions grain yields from spring barley were negatively influenced. After reducing precipitation 
by about 70%, the DAISY crop growth model simulated decreased grain yield and thus confirmed the hypoth-
esis that decreased yield can be expected at decreased precipitation intake. Generally, simulated grain yield 
was underestimated in comparison to reality. RMSE was 2.6 t ha−1 and MBE revealed grain yield undervalued 
by 2.6 t ha−1. DAISY was recently calibrated for the conditions of the experimental station in Domanínek and 
spring barley (Pohanková et al. 2012). This study did not record such a significant underestimation of grain 
yield. RMSE for grain yield was 1.4 t ha−1 and MBE revealed grain yield undervalued by 0.3 t ha−1. The field 
experiment with covered plots and spring barley will continue in 2015. Based on these results, anticipated 
recalibration of DAISY as well as discovering the causes for underestimation of the simulated spring barley 

Grain yield (t ha−1)

Uncovered 
plot 1

Partly covered 
plot 1

Uncovered 
plot 2

Partly covered 
plot 2

Uncovered 
plot 3

Partly cove-
red plot 3

Measured 6.00 5.18 5.20 5.59 5.76 5.38

Simulated 3.13 2.61 3.13 2.61 3.13 2.61
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grain yield in 2014 can be expected. Due to the fact that in 2014 plots were only 70% covered, no differences 
were determined in reality. In the following vegetation season, the plots will be 100% covered and so precipi-
tation will be completely diverted.
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abStRaCt
Freshwater fish production is significantly correlated with water temperature, which is expected to increase 
under climate change and affect fish growth, productivity, and survival. This study deals with estimating the 
change in water temperature in productive ponds and its impact on fishery in the Czech Republic. The target 
fish species were common carp (Cyprinus carpio), maraena whitefish (Coregonus maraena), northern white-
fish (Coregonus peled), and rainbow trout (Oncorhynchus mykiss). It was hypothesized that there would be 
an increasing risk of high water temperature stress for fish. Water temperature calculations based on 3-day 
means of air temperature were tested in several ponds in three major fish production areas. The verified mod-
el was applied to the climate change conditions determined by standardized scenarios derived from the five 
global circulation models MPEH5, CSMK3, IPCM4, GFCM21, and HADGEM. The results for changed cli-
mate indicated limitations for Czech fish farming in terms of prolonged periods with fish temperature stress 
as well as the increased number of stress periods and increased number of days within these periods. It is very 
likely that Czech fishery will have to change the fish species farmed in particular productive areas. In particu-
lar, higher altitudes are likely to become less suitable for the Salmonidae.

IntRoduCtIon
Freshwater aquaculture is an important and integral part of the Czech agricultural sector. Aquaculture pro-
duction in the Czech Republic is generally characterized by extensive and semi-intensive fish farming in 
ponds. Temperature heavily influences most physiological processes in fish, including spawning, develop-
ment, and growth. General relationships have been estimated between temperature, mortality, and growth 
for most temperate fish species. Given the strong responses of individual freshwater organisms to temper-
ature, anticipated climate warming is likely to have considerable effects on the geographical distributions 
of freshwater organisms. Rising global temperatures and changing precipitation patterns have altered the 
thermal and hydrological regimes of many inland waters. Sala et al. (2000) considered lentic (i.e. lakes and 
ponds) and lotic (i.e. streams and rivers) ecosystems to be most sensitive to land-use change, exotic species, 
and climate change in a global-scale assessment. 
In the present study, the authors consider fish response to rising temperatures linked to climate change. The 
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main aim of the study is to estimate how the increasing ambient temperature will affect fish persistence in 
the environment with increasing water temperature and how this experience will alter fish productivity in 
the Czech Republic under expected climate conditions. For the best expression of climate change impact, the 
study focuses on a number of productive ponds in various climatic areas with various farming management 
(e.g. various farmed species).

mateRIalS and methodS
Six ponds from three different climatic areas were involved in the study. For studied water bodies, daily sur-
face water temperature was recorded at floating depths of 10–20 cm depending on water level decline/rise 
during the season. Observed daily surface water temperature data were coupled with supplemented daily me-
teorological data covering the ambient air temperature for the same period as the observed data. These data 
were used in the process of verifying the daily surface water temperature equation. The equation was devel-
oped based on surface water measurements in two ponds (1985–2003), while the remaining four ponds pro-
vided testing datasets. The equation’s reliability was verified by comparing observed and calculated surface 
water temperatures. Following model validation, input meteorological data were modified according to the 
climate change scenarios MPEH5, CSMK3, IPCM4, GFCM21, and HADGEM (Dubrovsky et al. 2012). The 
model’s final result was an overview summarizing days with surface water temperature exceeding the upper 
temperature threshold for fish survival in the expected climate. The summary has led to the detection of the 
number of risks per decade and per year which introduce a limitation on fish farming production in the Czech 
Republic. 

Fig. 1:  Climate change assessment for the two decades 2031–2040 and 2071–2080: change in length of continual periods 
with surface water temperature above threshold and change in number of continual periods. Threshold surface water 
temperature 28°C and continual period length 5 days are related to common carp. (a) Dvorský pond, (b) Klec pond, (c) 
Medlov pond.
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ReSultS
The present study used the following equation expressing surface water temperature:
tsw = 4.0232 + 0.8877 * t3dm

where tsw is daily surface water temperature and t3dm is the 3-day mean of air temperature. 
A comparison of observed and calculated surface water temperatures revealed that the lower limit of model 
accuracy is 3°C. Under this threshold temperature, the model loses its predictive ability. In its assessment 
of surface water temperature above 3°C, the model has demonstrated good consistency between observed 
and modelled surface water temperatures (Pearson correlation coefficient 0.79–0.96, root mean square er-
ror 1.83–2.53, and mean bias error −0.02–0.59). The results of the model using the climate change meteoro-
logical dataset estimated progressive conditions for fish development in Czech ponds. The results of overlap 
among the five climate change models in combination with two emission scenarios (high, low) provided the 
following estimates for all studied fish species:
an increase in the length of continual periods with surface water temperature above the threshold tolerated 
by a given fish species (Fig. 1, x-axis), 
an increase in the number of continual periods with surface water temperature above the threshold tolerat-
ed by a given fish species with a more substantial increase especially during 2071–2080 (Fig.1, y-axis), and
an increase in the overall number of days within a continual period with temperature above the threshold tol-
erated by a given fish species (Fig. 2).

Fig. 2:  Climate change assessment: change in number of days within a continual period for particular ponds regarding the main 
farmed fish species, (a) Dvorský pond (common carp), (b) Klec pond (common carp), (c) Medlov pond (rainbow trout), 
and (d) Medlov pond (northern whitefish). Red depicts high-emission scenarios, blue low-emission scenarios. The grey 

field shows the present climate.
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dISCuSSIon
The authors considered it to be meaningful to analyse the summer season (May–October) because, among 
other reasons, it is the decisive period for fish production. Fish in temperate ecosystems undergo about 
90% of their annual growth during the summer months because food availability tends to be highest and 
water temperatures approach growth optimums. In these cases, a slight increase in water temperature 
could be beneficial as it would extend the growing season and, moreover, decrease overwintering stress. 
The general effects of climate change on freshwater systems will likely be increased water temperatures, 
decreased dissolved oxygen levels, and increased pollutant toxicity (Ficke et al. 2007). Our predictions of 
water temperature in Czech fishponds based on climate change models show an increase in water tempera-
tures especially after 2030. In the conditions of the Czech Republic, the common carp is the crucial farmed 
fish species for productive fisheries. A modest water temperature rise at first would lead to an increase in 
carp productivity due to vegetation season prolongation and faster fish growth in warmer water. In spite of 
this advantage, the limiting factor for carp production would be the solute oxygen concentration in water. 
The aerobic metabolic rate of most cold-blooded aquatic organisms increases with temperature, and in-
creases in temperature decrease the dissolved oxygen saturation of water (Kalff 2000). Likewise, increases 
in summer temperature can also augment the eutrophication of water by increasing cyanobacteria and al-
gal growth, bacterial metabolism, and nutrient cycling rates (Klapper 1991). Along with water pollution, 
extreme weather events, increased occurrence of toxic substances, and decreased solute oxygen in water, it 
is likely that there will be a change in the structure and amount of farmed fish species. More significant im-
pacts from climate change are expected in farming cold-water fish (the Coregoninae, tainbow trout). As a 
result of increased water temperature, these species are expected to be farmed in deeper and colder ponds 
at higher altitudes. Changes will be stronger for stenothermic species (e.g. salmonids, coregonids) than 
for the eurythermic common carp, which is more adaptable to new temperature conditions. It is also likely 
that there will be an increase in alien and invasive temperate fish species, parasites, and infections. Such 
effects are still hard to predict.
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abStRaCt
Biogenic volatile organic compounds (BVOCs) are important components of biosphere–atmosphere ex-
change. Their emissions depend on various meteorological parameters and stresses. Diurnal fluxes of dif-
ferent monoterpenes were studied within a Norway spruce (Picea abies) mountain forest to investigate their 
dependence on temperature and global radiation. Fluxes of monoterpenes, the most abundant BVOCs in 
spruce, were modelled using an inverse Lagrangian transport model, and representative diurnal variation 
trigged by both temperature and light was observed. This research enables future parametrization and quan-
tification of various factors driving bidirectional fluxes.

IntRoduCtIon
Global vegetation is considered to be a sink for CO2. Some of the carbon assimilated by photosynthesis is after-
wards emitted back into the atmosphere in the form of biogenic volatile organic compounds (BVOCs), particu-
larly by trees (Guenther 2002). BVOCs are highly reactive (Atkinson 2000) and their lifetime is therefore lim-
ited. Hence, BVOCs play an important role in the chemistry of the atmosphere. Under specific conditions, they 
are precursors of secondary aerosols (Hoffmann et al. 1997). BVOCs could be oxidized to various compounds 
and their impact on the bidirectional exchanges of radiative properties and energy balance is significant. Global 
estimation of BVOC emission from plants ranges from 1,000 to 1,500 Tg C yr−1 (Guenther et al. 2012). Even in 
the later Model of Emissions of Gases and Aerosols from Nature v. 2.1 as well as the Modern-Era Retrospective 
Analysis for Research and Applications, it was just 760 Tg C yr−1. Global BVOC emissions consist of isoprene 
(70%), monoterpenes (11%), methanol (6%), acetone (3%), sesquiterpenes (2.5%), and others (Sindelarova et 
al. 2014). Production of BVOCs can be induced by various factors such as light and temperature, which are the 
most common stressors occurring in forest ecosystems. Quantification of BVOC emissions is very important, 
because these compounds react with nitric oxides and/or ozone. Under specific conditions, they form phytotox-
ic ozone, which subsequently affects forest health. Monoterpene and isoprene emissions are considered to be 
temperature and light dependent (Dindorf et al. 2006). Norway spruce (Picea abies (L.) Karst.) is regarded as 
a low BVOC emitter. Isoprene emissions are almost negligible, whereas monoterpenes, particularly α–pinene 
and β–pinene, are major BVOCs emitted (Kesselmeier & Staudt 1999).
Seasonal field campaigns have great value in aiding understanding of the overall dynamics of emission capac-
ities and ambient mixing ratios, which are driven by various meteorological parameters. This study’s main 
goal was to determine diurnal fluxes of monoterpenes in a mountain spruce forest and examine the fluxes’ 
dependence on temperature and global radiation.
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mateRIalS and methodS
Measurements were conducted at the Bílý Kříž experimental station (Beskid Mountains, 49°33’N, 18°32’E, 
in the north-east of the Czech Republic, 908 m a.s.l.). This area has a cool (annual mean air temperature 6°C), 
humid (annual mean relative air humidity 80%) climate with high annual precipitation (mean for 2000–2009 
1,374 mm). The investigated forest stand (31 years old) consists of Norway spruce (99%). At the time of 
the physiological investigations, mean tree height was 15.2 m and mean stem diameter at 1.3 m was 0.18 m.
Air samples were collected on 2 August 2012 using a wet effluent diffusion denuder (WEDD, nheptane as ab-
sorption liquid) at 5.1 m, 14.3 m, and 25.3 m above the soil surface. Samples were collected at 5 min intervals 
between 7:00 and 20:00 local time (UTC+2:00). The WEDD was heated to 20°C to maintain identical sam-
pling conditions. See Sklenská et al. (2002) for detailed technical description.
Monoterpenes were quantified using gas chromatography–mass spectrometry (GC–MS, Agilent, 7890A, 
5975C, USA). The 2 μl samples were analysed by GC–MS (HP5-MS, 30 m, 1 μm film thickness, 0.32 mm 
i.d.) in splitless mode at 260°C. Flow of He carrier gas was 4 ml min−1. The programme was started at 50°C 
for 2 min, a gradient of 5°C min−1 was applied up to 160°C, and then a further gradient of 20°C min−1 was 
used up to 240°C. GC–MS was run in electron impact ionization type with energy of 70 eV and in selective 
ion monitoring mode. Temperatures of the ion source and transfer line were 230°C and 280°C, respectively. 
Identification of monoterpenes was based on comparison with retention times and mass spectra of analytical 
standards. After analysis, the mass concentration of components was calculated from the calibration curve 
of each analytical standard. Concentrations in nmol mol−1 were calculated from the volume of air which had 
passed through the WEDD.
Air temperature was measured (model RHA1, DeltaT, UK) at a height of 15.2 m, corresponding to the tree 
canopy. Global radiation was recorded at a height of 4.8 m above the tree canopies using a KippZonen CM6B 
pyranometer (Kipp & Zonen, NL). Both temperature and global radiation were averaged to reach 30 min in-
tervals. Air molar density was calculated based on air temperature and current air pressure. Friction velocity 
was calculated from multi-horizontal wind speed measured by 2D sonic anemometers (Met One, USA). The 
30 min averages of the aforementioned parameters were used to parametrize an inverse Lagrangian trans-
port model (Raupach 1989, Nemitz et al. 2000, Karl et al. 2004). The model enables estimating monoterpene 
fluxes from their concentrations in the air. Three high concentration levels measured were interpolated to 11 
as an input for modelling.
Monoterpene fluxes were computed according to:
C − Cref = D × S,
where C is the monoterpene’s concentration vector (nmol mol−1) for each level, Cref is the monoterpene’s con-
centration (nmol mol−1) at reference height, D (m) represents the dispersion matrix, and S is the resulting 
sink/source vector (nmol mol−1 m−1 m−2 h−1). D is expressed as the Lagrangian timescale and profiles of the 
standard deviations of the vertical wind speed divided by friction velocity. Integrations were performed to 
reach canopy scale BVOC fluxes (nmol m−2 s−1). Fluxes were calculated for 30 min intervals.

ReSultS
Calculated fluxes show diurnal behaviour the dynamics of which are consistent among all monoterpenes 
measured. The highest fluxes were observed for α−pinene, followed by β−pinene. Camphene, and Δ-3-
carene. Limonene fluxes were much lower compared to the aforementioned. Tricyclene is not shown, since 
its concentration was close to the GC–MS’s detection limit. The highest emissions were observed at noon, 
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when the highest temperature and greatest solar intensity occur. On the other hand, deposition of monoter-
penes occurred early in the morning, suggesting that the canopy or soil may act as a sink for certain BVOCs 
such as α−pinene and limonene. Although temperatures rose in the morning, emissions were delayed since 
a plant’s chemical synthesis of monoterpenes needs to restart. In contrast, evening emissions declined less 
sharply (Fig. 1B). We cannot conclude whether temperature or radiation was responsible for monoterpene 
emissions since the two are coupled (Fig. 1A). Evidence in the literature suggests, however, that it is tempera-
ture rather than radiation (see Discussion). Temperature triggers emissions in a non-linear manner, which is 
important especially for future models and accounting for future temperature increases.

Fig. 1:  Diurnal changes in (A) global radiation and air temperature, and (B) bidirectional fluxes of monoterpenes estimated 
for Norway spruce stand.

dISCuSSIon
According to Yassaa et al. (2012), monoterpene emissions of Norway spruce are dependent on both tem-
perature and light, since emission rates correlations comparing night and day differed substantially. Similar 
findings were published by Bourtsoukidis et al. (2014), who showed how monoterpene emissions during the 
night were about one-sixth those during the day in response to low temperature. They measured emissions at 
a similar Norway spruce mountain forest in central Germany at a similar altitude as we did. They reported the 
highest monoterpene fluxes in late afternoon and almost negligible fluxes in the morning. Negative values did 
not occur since a dynamic branch enclosure system was applied. This strengthens the theory of other sinks 
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for monoterpenes during the morning. Moreover, limonene is considered a more reactive compound that is 
reduced by a greater factor (Aumont et al. 2000), highlighting the possible in-canopy sink. In-canopy or soil 
sinks are only poorly understood. They are reported mainly in grassland ecosystems, where during high vol-
ume mixing ratios deposition fluxes were observed (Bamberger et al. 2011). Only a few studies have reported 
limonene uptake by trees, particularly broadleaf species (Noe et al. 2008). Night deposition of other mono-
terpenes might be explained by the almost negligible needle emissions and higher ambient mixing ratios due 
to boundary layer shrink and thus higher cleavage of monoterpenes by ozone, resulting in an early morning 
canopy or soil sink.
Many European species have been described as light dependent (Dindorf et al. 2006), as have tropical species 
(Karl et al. 2004). In contrast, only a few species in North America have been categorized as light dependent, 
mostly indicating only temperature-triggered emissions (Kim et al. 2010). What is responsible for such a dif-
ference between continents? Is it the broad spectra of monoterpenes emitted or is it something else, not yet 
detected? These remain open questions. More comprehensive measurements are thus needed to deeply anal-
yse tree species’ chemodiversity and environmental dependencies on BVOC emissions.
To conclude, fluxes of monoterpenes have markedly pronounced diurnal patterns ranging from deposition 
(limonene, α−pinene) in the early morning hours to emissions in the early afternoon (α− and β−pinene) 
when the air temperature is highest.
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abStRaCt
Biogenic volatile organic compounds (BVOCs) play many roles in plants’ ecophysiology and have the poten-
tial to affect atmospheric quality due to their chemical reactivity. Rates of BVOC emissions are highly variable 
depending on plant species and growing condition. Our study evaluated the amounts and spectra of BVOCs 
emitted from three tree species.
We investigated BVOC emissions from the leaves of mature Norway spruce and sessile oak saplings grown in 
the field and from 1-year-old cuttings of hybrid poplar grown under laboratory conditions. Emitted BVOCs 
were sampled on desorption Tenax tubes in parallel with gas-exchange measurements. After subsequent 
thermal desorption of Tenax tubes, BVOC profiles were estimated by gas chromatography coupled with mass 
spectrometry.
The tree species showed substantial differences in BVOC emission rates per unit leaf area ranging between 
2.33 and 25.67 nmol m–2 s–1. Spruce trees had the lowest BVOC emissions and oak had slightly higher BVOC 
emissions on average than did poplar. Isoprene composed more than 97% of total BVOC emissions from oak 
and poplar, while no isoprene emissions from spruce needles were detected. Spruce BVOC emissions were 
mainly composed of such monoterpenes as α-pinene, β-pinene, and limonene. 

IntRoduCtIon
Plants are able to emit a large range of trace gases known as biogenic volatile organic compounds (BVOCs). 
These compounds can be released from various above- or belowground parts of the plant, but the largest amount 
comes from leaves (Laothawornkitkul et al. 2009). BVOCs play different roles in plants’ ecophysiology. Some 
BVOCs serve as signaling molecules in plant–plant and plant–insect communication, including as attractants 
for pollinators and seed dispersers (Laothawornkitkul et al. 2009). BVOCs play an important role in protection 
against biotic and abiotic stresses (Niinemets 2010). Due to their high chemical reactivity, BVOCs have large ef-
fects on the atmosphere’s chemical and physical properties. BVOCs are oxidized and form peroxy radicals that 
can react with NOx and lead to O3 formation in the presence of ultraviolet radiation. In an environment with low 
NOx concentration, O3 can be consumed by BVOC oxidation (Calfapietra et al. 2013). Changes in troposphere 
oxidative capacity can extend the lifetime of some greenhouse gases, such as methane. Products of BVOC oxi-
dation can also be precursors to secondary organic aerosols that affect climate by scattering solar radiation and 
act as cloud condensation nuclei (Kavouras et al. 1998).
Precise estimation of BVOC emissions is difficult because of large differences among species, dependence on 
environmental conditions, and daily and seasonal variability. Isoprene and monoterpenes synthesis in spe-
cies without terpene storage structures is dependent on light and temperature (Zimmer et al. 2003, Grote et al. 
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2006). This, however, does not work under severe stress conditions, when electron transport and CO2 assimila-
tion is reduced (Fortunati et al. 2008). BVOC synthesis requires energy and carbon supply from photosynthe-
sis, but alternative reserved carbon sources can be used under stress conditions (Teuber et al. 2008). The rate 
of BVOC synthesis is controlled by precursor availability and the activity of synthase enzymes (Niinemets et al. 
2004), which are affected also by recent weather conditions and acclimation of emission capacities (Arneth et 
al. 2008). There remains an insufficiency of information about emission potentials of individual species and our 
understanding of mechanisms leading to the high variability among species in the BVOCs produced.
The aim of our study was to evaluate the amounts and spectra of BVOCs emitted from the coniferous Norway 
spruce (Picea abies (L.) Karst.), the broadleaf sessile oak (Quercus petraea (Matt.) Liebl.), and a hybrid poplar 
(Populus nigra L. × Populus maximowiczii A. Henry) used as a fast-growing tree in the Czech Republic.
 
mateRIalS and methodS
We investigated BVOC emissions from two tree species grown in the field, Norway spruce and sessile oak, and 
from cuttings of hybrid poplar grown under laboratory conditions. All measurements were made in July and 
August 2014 on sun-exposed and healthy needles or leaves. The current needles of Norway spruce were mea-
sured in a 33-year-old spruce stand at the Bílý Kříž research site (Beskid Mountains; 49°30’N, 18°28’E, 900 m 
a.s.l.). Light intensity of 1,000 µmol m–2 s–1 and air temperature of 30°C were set in the measurement chamber dur-
ing sampling. The mature leaves of sessile oak were measured in a 5-year-old oak forest of coppiced origin at the 
Soběšice research site located in the southeast of the Czech Republic (49°14’N, 16°35’E, 300 m a.s.l.). Light inten-
sity of 1,400 µmol m–2 s–1 and air temperature of 25°C were set in the measurement chamber. The sixth leaf was 
taken from the apex of 1-year-old cuttings of hybrid poplar clone J-105 grown in a growth chamber (FS 3400, PSI, 
CZ) where sunny summer days were simulated. Light intensity of 1,000 µmol m–2 s–1 and air temperature of 30°C 
were set in the measurement chamber during sampling.
Emitted BVOCs were sampled on Tenax tubes (35/60 mesh, 200 mg TA, Markes International, UK) suitable for the 
majority of BVOCs under atmospheric concentrations. These tubes do not trap low molecular weight compounds 
such as methanol and acetaldehyde. In addition, sesquiterpenes are difficult to detect through standard measur-
ing protocols due to their high reactivity. The gas-exchange measurement of CO2 assimilation rate (A) and sto-
matal conductance (Gs) were carried out in parallel with BVOC sampling using an Li-6400 (Li-Cor, USA). Tenax 
tubes were connected to the outlet of the Li-6400 leaf cuvette by a Teflon tube and the air (at least 4 liters) exiting 
the cuvette was pumped through the tube. After subsequent thermal desorption of the Tenax tubes in a thermal de-
sorption unit (Markes Unity System 2, Markes International, UK), BVOC profiles were estimated using gas chro-
matography coupled with mass spectrometry (TSQ Triple Quadrupole Quantum XLS, Thermo Scientific, USA). 
One-way analysis of variance was performed to evaluate the significance of differences (p < 0.05) among species 
using SigmaPlot 11 software (Systat Software, USA).

ReSultS
Significant differences in BVOC emission rate per unit leaf area were observed between coniferous spruce and 
the broadleaved species. While the spruce BVOC emission rate was only 2.3 ± 1.7 nmol m–2 s–1 (mean ± stand-
ard deviation), a BVOC emission rate of 25.7 ± 3.3 nmol m–2 s–1 was observed in oak. Poplar had only a slightly 
lower BVOC emission rate (21.4 ± 12.4 nmol m–2 s–1) than did oak (Fig. 1A). Spruce had also significantly low-
er mean A and GS than did the broadleaved species (Fig. 1B). Gas-exchange data did not differ significantly be-
tween oak and poplar (Fig. 1B).
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Isoprene composed 97% and 99% of BVOC emissions from oak and poplar, respectively. Isoprene emissions 
from spruce needles were not detected. In contrast, monoterpene emission rates from spruce needles were 
higher than were those from broadleaved species (Fig. 1A). The main monoterpenes emitted were limonene, 
α-pinene, and β-pinene in all species studied (Fig. 2). Specifically, carene was the most abundant monoterpene 
emitted by oak. Spruce BVOC emissions contained 12% of the oxygenated monoterpenoid eucalyptol. 
 

Fig. 1:  Mean values with standard deviation of (A) BVOC emission rates from leaves or needles and (B) CO2 assimilation rate 
(A) and stomatal conductance (GS) of Picea abies (spruce, N = 5), Quercus petraea (oak, N = 5), and the hybrid Populus 
nigra × Populus maximowiczii (poplar, N = 8). 

Fig. 2:  Percentages abundance of monoterpenes emitted from leaves or needles of Picea abies (spruce, A), Quercus petraea 
(oak, B), and the hybrid Populus nigra × Populus maximowiczii (poplar, C). Mean total monoterpene emission rates 
are in parentheses. 

dISCuSSIon
Isoprene is the most abundant biogenic hydrocarbon emitted from plants (Sharkey et al. 2008, Laothawornkitkul 
et al. 2009). Poplars are known to comprise a large group of isoprene emitters. Isoprene emission from poplar in 
this study was in the range of isoprene emission reported in the literature, which for different poplar species is from 
7 to 45 nmol m–2 s–1 (Rosenstiel et al. 2004, Loreto et al. 2007, Teuber et al. 2008, Guidolotti et al. 2011). Poplar 
emits isoprene only from adult leaves while juvenile leaves emit such monoterpenes as α-pinene, β-pinene, and 
(Ε)-β-ocimene (Brilli et al. 2014). Monoterpenes comprised less than 1% of total BVOC emissions from poplar 
leaves in our study and the most abundant monoterpene was limonene (Fig. 2C).
The genus Quercus includes some species that emit isoprene and others that do not. Species not emitting isoprene, 
such as Q. ilex and Q. coccifera, usually emit monoterpenes to a greater extent than do such isoprene emitters as Q. 

petraea and Q. pubescens (Owen et al. 2001, Karl et al. 2009, Keenan et al. 2009). Isoprene emissions from oaks are 
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recorded with large variability (Keenan et al. 2009). Q. petraea is cited in the literature as a weaker isoprene emit-
ter than other isoprene-emitting oaks or poplars (Steinbrecher et al. 1997, Karl et al. 2009). For example, Zimmer 
et al. (2003) measured isoprene emission rate at 25°C and 1,000 µmol photons m–2 s–1 in the range 8.1–15.6 nmol 
m–2 s–1 depending on isoprene synthase activity in an old Q. petraea forest. Our study showed that isoprene emis-
sion from young Q. petraea can be higher. 
Coniferous trees are generally known as monoterpenes emitters. But low isoprene emissions have also been docu-
mented in P. abies (Grabmer et al. 2006, Karl et al. 2009). In our study, no isoprene emissions were detected from 

P. abies and the most abundant monoterpenes were limonene, α-pinene, and β-pinene. The spectrum of emit-
ted monoterpenes is in accordance with other literature (Yassaa et al. 2012, Kivimäenpää et al. 2013). However, 
whether the spectrum of emitted monoterpenes changes during the vegetation season remains an open question.
In conclusion, BVOC emission rates were significantly higher among broadleaved trees than in a coniferous tree 
species. Isoprene was the most abundant compound emitted from those broadleaved species studied, while mono-
terpenes were the most abundant BVOC in the coniferous spruce. 
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abStRaCt
The main objective of this study was to investigate seasonal changes and vertical distribution in emissions 
of biogenic volatile organic compounds (BVOCs) within a Norway spruce canopy profile. Emissions were 
measured on current-year needles from the upper and lower canopy in early July and late August. Our 
results show that total BVOC emissions under standardized conditions (light intensity 1,000 μmol m–2 s–1, 
temperature 30°C) are higher in July than they are in August. BVOC emissions from upper canopy needles were  
approximately 3 times higher than were those from lower canopy needles. This difference was observed in 
July but not in August. The monoterpenes α-pinene, camphene, and terpinolene showed the most significant 
differences between emissions from upper and lower canopy needles. 

IntRoduCtIon
Norway spruce (Picea abies (L.) Karsten) is a widely distributed species that is also one of the most economically 
important conifer species in the boreal zone and mountain areas of central Europe. Biogenic volatile organic 
compounds (BVOCs) are diverse, are produced by vegetation in different tissues, and impact plants in many 
ways. In particular, they are thought to defend plants against herbivores and pathogens; attract pollinators, 
seed dispersers, and other beneficial animals and microorganisms; and serve as signals in plant–plant 
communication (Dudareva & Pichersky 2008). BVOCs and in particular isoprene might further be involved 
in protection of plants against such abiotic stresses as high temperature (Loreto et al. 1998) and high ozone 
concentrations (Calfapietra et al. 2009).
Plants generally re-emit 2–10% of their assimilated carbon back into the atmosphere as a complex of BVOCs, 
but this figure may increase to as high as 36% under extreme stress conditions (Kesselmeier 2001). BVOCs are 
very reactive, have lifetimes ranging from mere minutes to hours (Lerdau et al. 1997), and have profound effects 
on atmospheric chemistry, particularly when abundant together with nitrogen oxides and high radiation.
Many BVOCs, and particularly most monoterpenes and sesquiterpenes, are synthesized and stored in special 
secretory tissues. In Norway spruce, terpenes are stored in the epithelial cells of the resin ducts and in the 
mesophyll (Fahn 1988). BVOC emissions from conifers mainly originate from terpene stores in resin ducts. 
It seems, however, that one-third of terpene emissions originate from original biosynthesis in Norway spruce 
(Ghirardo et al. 2010) and thus depend fully on the photosynthetic process (Niinemets et al. 2004, Filella 
et al. 2007). Norway spruce is a low BVOC emitter as compared to such species as poplar or beech, with 
monoterpenes dominating their emissions followed by oxygenated terpenes, sesquiterpenes, and a minor part 
of isoprene emission (Bourtsoukidis et al. 2014). 
Production of BVOCs is highly variable, depending on the plant species and environmental conditions, especial-
ly light intensity and temperature. Most conifers store terpenes in special tissues (resin ducts), and it is assumed 
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that their diffusion is driven solely by temperature (Kesselmeier & Staudt 1999). In contrast, terpenes synthe-
sized de novo are dependent on photosynthesis, analogously to isoprene (Staudt & Seufert 1995). It has been 
shown that photosynthetic capacity varies along the depth of canopies (Marek et al. 2002), where the light inten-
sity is attenuated. It seems that the upper canopy has higher BVOC emissions and CO2 assimilation rates than 
does the lower canopy, but the morphological, physiological, and biochemical traits of upper and lower canopy 
leaves may converge at high altitudes or in sparse stands (Rajsnerová et al. 2015). 
The main objective of this study was to investigate seasonal changes in BVOC emissions and their vertical distri-
bution within the spruce canopy profile under standard conditions.

mateRIalS and methodS
Emissions of BVOCs were measured on current-year needles of mature (30 years old) Norway spruce 
trees at the Bílý Kříž research site (Beskid Mountains, Czech Republic; 49°30’N, 18°28’E; 900 m a.s.l.) in 
early July 2014 and late August 2013. In this study, samples were measured at two heights above the soil 
surface: 5 m (lower canopy needles) and 10 m (upper canopy needles). Simultaneously with BVOC sampling, 
CO2 assimilation rate and stomatal conductance were automatically measured at 2 min intervals using a  
Li-6400 open infrared gas analyser (Li-Cor, USA). Emitted BVOCs were sampled on stainless steel TD tubes 
packed with Tenax TA (35/60 mesh, 200 mg TA, Markes International, UK) under standard conditions (light 
intensity 1000 μmol m–2 s–1; temperature 30°C) for 60 min (flow 200 ml min–1). The tubes were conditioned 
prior to use for 2 h at 320°C and subsequently for 30 min at 335°C in order to remove any impurities from 
the sorbent. Absorbed BVOCs were released from desorption tubes using a thermal desorption unit (Markes 
Unity System 2, Markes International, UK) and subsequently analysed using a gas chromatograph mass 
spectrometer (TSQ Triple Quadrupole Quantum XLS, Thermo Scientific, USA).
After BVOC measurement, fresh weight and total projection needle area of investigated shoots was determined 
using a Li-3000A portable leaf area meter (Li-Cor, USA). Rates of CO2 assimilation and BVOC emissions were 
recalculated per unit leaf area. Some needles were dried at 60°C and subsequently analysed for total contents of 
nitrogen (N) and carbon (C) using a Flash-2000 elemental analyser (Thermo Scientific, USA). 
The data was statistically analysed using the Statistica 12 program (StatSoft, USA). Data represent 8 
repetitions. One-way ANOVA (p = 0.05) was used to investigate the effects of season and canopy position 
on BVOC emissions, C and N contents, CO2 assimilation rate, and stomatal conductance. Homogeneity of 
variances was tested using Cochran–Hartley–Bartlett tests, and for normality the Shapiro–Wilk test was 
used. Differences between treatments were evaluated using Tukey’s honest significant difference test.
 
ReSultS
We found a statistically significant difference between upper and lower canopy needles in C content (p < 0.05), 
while N content was unaffected by canopy position in both July and August. CO2 assimilation rate and stomatal 
conductance were unaffected by the position of needles within the canopy in July, but there were significantly (p 

< 0.05) higher values of CO2 assimilation rate in lower than upper canopy needles in August (Table 1).
The results showed that there were differences in BVOC emissions between those measured during the main 
vegetation season (July) and those measured at the end of the season (August). Total emissions measured under 
standard conditions were about eight times higher in July than were those measured in August. In addition, 
statistically significant differences (p < 0.05) in emissions from upper and lower canopy needles were found. 
BVOC emissions from upper canopy needles were approximately three times higher than were emissions from 
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lower canopy needles, although this was observed only in July. There was no difference between the upper and 
lower canopy levels in August (Fig. 1A). 

Table 1:  Total C and N contents, light-saturated rate of CO2 assimilation, and stomatal conductance determined in needles 
from the upper (UC) and lower (LC) canopy in early July and late August. Mean values ± SE are shown for each 
treatment (N = 8). Statistical significances are shown as: ** p < 0.01, * 0.01 < p < 0.05, n.s. p ≥ 0.05.

Fig. 1:   A) Total BVOC emissions per unit needle area produced by Norway spruce (Picea abies), differences of emissions in early 
July (mean daily temperature 23°C) and late August (mean daily temperature 15°C) in upper (UC) and lower canopy 
(LC) needles are shown. B) Differences between identified BVOCs in UC and LC needles in July. Mean values ± SE are 
shown for each treatment (n = 8).

The most abundant terpenes identified in July were α-, β-pinene, and limonene in both upper and lower 
canopy needles. In particular, α-pinene, limonene, and terpinolene showed the most significant differences  
(p < 0.05) in emissions between upper and lower canopy needles (Fig. 1B). Differences were also observed in 
the composition of identified terpenes between July and August. In contrast to July, α-, β-pinene, limonene, 
and myrcene were the most abundant terpenes measured in August. 

dISCuSSIon 
Emissions of BVOCs in conifer species are derived mainly from terpenes synthesized and then stored in resin 
ducts, and their emission depends on needles temperature (Guenther et al. 1993, Grote & Niinemets 2008). At 
most one-third of BVOCs are synthesized de novo (Ghirardo et al. 2010) and are thus fully dependent on photosyn-
thesis. Due to the fact that BVOC emissions were measured under standard conditions, it is likely that differences 
in emission rates between upper and lower canopy needles corresponded primarily to de novo synthesized BVOCs. 

Assimilation Conductance N C

µmol m−2 s−1 mol m−2 s−1 % %

July

UC 4.41 ± 0.89n.s. 0.04 ± 0.01n.s. 1.27 ± 0.08n.s. 47.28 ± 0.51**

LC 3.84 ± 0.74n.s. 0.04 ± 0.01n.s. 1.24 ± 0.14n.s. 46.28 ± 0.74**

August

UC 2.46 ± 0.55* 0.02 ± 0.01* 1.40 ± 0.09n.s. 48.8 ± 0.29*

LC 3.21 ± 0.39* 0.01 ± 0.00* 1.41 ± 0.10n.s. 48.2 ± 0.44*
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On the other hand, the results of C and N contents, CO2 assimilation rate, and stomatal conductance indicate rela-
tively small vertical differentiation of the investigated spruce canopy to sun- and shade-acclimated parts. However, 
it is possible for BVOCs to reflect environmental conditions from hours and even days previously, and this may 
have had an impact on BVOC emissions. 
Studies focusing on vertical profile measurements of BVOC emissions are rare. Wang et al. (2014) reported 
noticeable differences in emissions measured at different heights within a spruce canopy with emission rates 
highest at the top of the canopy. Observed changes in emission rates between the main vegetation season (the 
beginning of July) and the end of the season (the end of the August) are in accordance with data measured by 
Lappalainen et al. (2009). They reported a seasonal pattern of winter minimum and summer maximum for BVOC 
emissions in a boreal forest canopy. It is also possible that other abiotic factors common in summer, such as drought 
and O3 concentration (Kivimäenpää et al. 2013), had an effect on the increased emission rate of BVOCs. 
We conclude that total BVOC emissions from spruce needles decreased at the end of the vegetation season irre-
spective of their position within the canopy. We have found significantly higher BVOC emissions from upper than 
from lower canopy needles during the main vegetation season but not at the end of the vegetation season. In addi-
tion, the composition of emitted BVOCs changes along the canopy depth.
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abStRaCt
Rice panicle maturation is considered to be highly sensitive to environmental conditions. Since one of the 
factors accompanying global climate change is increases in minimum night temperatures more pronounced 
than those in maximum day temperatures, the effect of high night temperature (HNT) on rice panicle mat-
uration was investigated. Two rice genotypes with contrasting HNT responses, N22 (highly tolerant) and 
Gharib (susceptible), were exposed to control temperatures (ca 23°C) and HNTs (ca 29°C) from flowering 
until maturity. Loss of photosynthetic activity and/or pigments during rice panicle maturation were evaluat-
ed temporally by measuring (i) effective quantum yield of photosystem II efficiency (ΦII), and (ii) steady-state 
chlorophyll fluorescence level (FS). To prove the accuracy of the new approach presented in this study, several 
vegetative indices were calculated from reflectance measurements and correlated with fluorescence param-
eters. It has been observed that ΦII tracks the accelerated maturation of rice panicles exposed to HNT better 
than does FS. Employing a newly identified chlorophyll fluorescence-based parameter could potentially en-
able larger genetic diversity scans and identification of novel genotypes with longer panicle maturation peri-
ods so as to increase rice yields directly under field conditions.

IntRoduCtIon
Rice (Oryza sativa L.) production worldwide is affected by many environmental factors. As one of the main 
impacts of global climate change, minimum night temperatures are increasing at a much faster pace than are 
maximum day temperatures at a global as well as a farm level. Rice panicle maturation, including flowering 
and the subsequent grain-filling phase, is considered to be highly sensitive to temperature above a critical 
threshold. Negative effects on rice yield from high night temperatures (HNT) have been proven in controlled-
environment studies and more recently by a field experiment (Shi et al. 2013), where reduced yields could 
potentially be a result of a shortened active grain-filling period. In addition, significantly shorter grain-filling 
periods under tropical conditions are in contrast to much longer periods under temperate conditions, and 
they are thus considered to be a key bottleneck for further yield enhancement. The main benefit of breeding 
programs would thus be in delaying panicle maturation, providing sufficient time for assimilates to fill grains 
efficiently. However, no progress or even attempt has been made in this direction due to the lack of a standard-
ized phenotyping tool to ascertain and track grain-filling senescence over time. 
Rice panicle maturation is accompanied by a change in colour as a consequence of disappearing chlorophyll. 
Given that based on chlorophyll spikelets’ photosynthetic capacity has been found to be similar to that of flag 
leaves (Imaizumi et al. 1990), such disappearance and/or loss of photosynthetic capacity per unit chloro-
phyll can be temporally tracked by chlorophyll fluorescence (Chl-F). However, no reports had previoulsy been 
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published addressing the use of Chl-F measurements to detect rice panicle maturation. Therefore, the objec-
tives of our study were (i) to investigate the temporal Chl-F and reflectance signals of maturing rice panicles, 
and (ii) to specify a Chl-F parameter suitable for monitoring accelerated maturation of rice panicles exposed 
to HNT under field conditions. 

mateRIalS and methodS
The field experiment was carried out during the 2014 dry season at the International Rice Research Institute 
located in Los Baños, Philippines (14°11’N, 121°15’E).
Plant material. Two rice genotypes with contrasting HNT responses, the highly tolerant N22 cultivar and the 
susceptible Gharib cultivar, were used in this experiment. Both rice genotypes were sown in seeding trays and 
then transplanted to field-based temperature controlled tents as 14-day-old seedlings. 
HNT experimental set up. To impose HNT with high accuracy, six field-based temperature-controlled tents 
(three HNT tents and three control tents) each 18 m2 in size were designed (Shi et al. 2013). Plants were ex-
posed to control temperatures (22.9 ± 0.1°C) or HNTs (28.6 ± 0.5°C) during the nights. To simulate field 
conditions, the tents were completely open during the day (06:00–18:00) and covered during the nights 
(18:00–06:00). 
Chl-F and reflectance measurements. Both Chl-F and reflectance were measured on identical panicles. Five 
uniform main tiller panicles of each genotype were selected in each tent and tagged following the procedure 
detailed in Shi et al. (2013). On each panicle, 10 fluorescence and 5 reflectance measurements were recorded 
(totalling 150 fluorescence and 75 reflectance measurements for each measurement day). 
Chl-F was measured using a FluorPen FP 100 (PSI, Czech Republic). Selected parameters were deter-
mined under ambient conditions: (1) effective quantum yield of photosystem II (PSII) photochemistry 
(ΦII; Genty et al. 1989) and (2) steady-state fluorescence yield in a light-adapted state (FS; Krause & Weis 
1991). Reflectance was measured using a prototype WinePen (SpectraPen platform, PSI, Czech Republic). 
Vegetative indices (Vis) used to follow the changes in photosynthetic pigment content in rice panicles dur-
ing maturation (Chen et al. 2006) were calculated as a reference for Chl-F measurements. Both Chl-F and re-
flectance were measured each day from flowering until maturity in the morning (08:00–10:00) so as to avoid 
noon photosynthetic depression.

ReSultS
As no reports had previously been published related to using Chl-F on rice panicles, supportive reflectance 
measurements were carried out. As maturation progressed, reflectance tended to decrease in the green re-
gion and increase in the blue and red regions in the bands with strong chlorophyll and carotenoids absorption 
(data not shown). From the reflectance spectra, particular Vis were calculated and mean values were then 
correlated with Chl-F measurements (Table 1). Among other indices, the photochemical reflectance index 
(PRI) tested as the best-fitting Vis to ΦII (R2 = 0.71, p < 0.001), while both the PRI and ΦII decreased as panicle 
maturity progressed, and so ΦII was selected for further investigation. 
Given rice’s top-down flowering pattern, Chl-F measurements were carried out in the top and bottom sec-
tions of panicles. Both genotypes exposed to the control treatment followed a similar pattern in ΦII, remain-
ing constant (p > 0.5) after flowering for both the top and bottom panicle sections (Fig. 1). For both geno-
types, values remained stable until ca 14 days after flowering (DAF) when they began decreasing to 0.2 for 
N22 and 0.1 for Gharib. 
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Table 1: Coefficients of determination R2; N = 1650.
*** significant at p < 0.001.

In contrast, genotypes exposed to HNT revealed a time-course of ΦII response until panicle maturation. 
Values tended to decrease either immediately after flowering (for the top portions of Gharib panicles) or re-
main constant (p > 0.5) for a significantly shorter period compared to the control treatment (ca 4 DAF for 
N22 and ca 6 DAF for Gharib). For both genotypes in both treatments, the top sections of panicles displayed 
significantly lower ΦII values than the bottom sections did (Fig. 1).  

Fig. 1:  Time trend of ΦII  for N22 and Gharib rice genotypes in DAF. Open symbols represent the top sections of panicles and 
closed symbols bottom sections. Grey represents control treatment and black HNT treatment. Each data point repre-
sents mean fluorescence value (N = 150).

dISCuSSIon
In addition to flag leaves, chlorophyll-containing rice panicles also have the potential to photosynthesize 
(Imaizumi et al. 1990, Ishihara et al. 1990). The disappearance of chlorophyll, the main attribute of rice 
panicle maturation, is related to lower photosynthetic activity and so can be captured through changes in 

ΦII FS

(Genty et al. 1989) (Krause & Weis 1991)

PRI

(Gamon et al. 1992; Chen et al. 2006) 0.71*** 0.47***

mND705

(Sims & Gamon 2002; Chen et al. 2006) 0.62*** 0.35***

mSR705

(Sims & Gamon 2002; Chen et al. 2006) 0.54*** 0.30***
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Chl-F signals. Chl-F has been used as a widely accepted method to reveal the physiological status of senescing 
plants, as well as to follow the ripening periods of certain fruits. It is generally agreed that changes in Chl-F 
signals in maturing fruit are connected to either a decrease in chlorophyll content or a loss of chloroplast func-
tion. Decreases in Chl-F signals may, however, also be caused by the morphological architecture of the plant 
material or by object heterogeneity. The small detector area presented in this study and the selected param-
eter itself limit false readings. Among other Chl-F parameters, the maximum quantum yield of PSII (FV/FM) 
is closely related to the photochemistry of plant tissue. However, its field applications are limited by required 
dark adaptation prior to each measurement. Numerous studies have presented experimental evidence for a 
close relationship between FV/FM and ΦII across different plant species (e.g. Genty et al. 1989), which makes 
ΦII a suitable Chl-F parameter for field use. In contrast, FV/FM does not have a similarly strong relationship 
with FS (Krause & Weis 1991). Moreover, the sensitivity of FS to drought is a limiting factor as decreasing 
water content during panicle ripening would confound results. No reports had previously been published 
regarding using Chl-F measurements in connection with either panicle physiology or changes in Chl-F sig-
nals during rice panicle maturation. To support Chl-F measurements, raw spectral characteristics of reflected 
light from rice panicles were used as a reference for this study. As reported by Chen et al. (2006), 11 Vis were 
correlated with the pigment content of rice panicles. Of these, the PRI (Gamon et al. 1992) and two modified 
indices (mND705 and mSR705; Sims and Gamon 2002) were selected as having the most potential for moni-
toring chlorophyll and/or the carotenoid–chlorophyll ratio in maturing rice panicles from milky ripeness to 
maturity. Moreover, as presented in this study, the PRI significantly correlated with ΦII, suggesting potential 
applications for Chl-F in rice panicle research. 
Even though the study presents an effective tool for detecting rice panicle maturation, the evidence for a close 
relationship between panicle maturation and the grain-filling period is still missing. Future directions should 
address this as well as testing the method’s robustness across environments (two contrasting seasons) and 
rice genotypes.
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abStRaCt 
We focused on elucidating the impact of elevated temperature on rapid induction of zeaxanthin (Z)-
dependent photoprotection in two different plant species. The dynamics of violaxanthin (V) de-epoxidation 
under different illumination regimes was studied together with chlorophyll a fluorescence transients in Picea 

abies seedlings and Arabidopsis thaliana leaves pre-acclimated to temperatures ranging from 20 to 40°C. 
Whereas for spruce seedlings the rapid phase of V de-epoxidation (induced by either 10 s illumination or 10 
light pulses 1 s in duration at 1 min intervals) was gradually stimulated upon increasing temperatures, for 
A. thaliana leaves considerable acceleration of V de-epoxidation occurred only at 40°C. Moreover, only for 
spruce seedlings was a considerable amount of Z accumulated after 10 × 1 s illumination. Elevated tempera-
tures stimulated rapid formation of Z-dependent non-radiative dissipation of excitation energy within pho-
tosystem II (NRD) induced by 1 s light pulses only for spruce seedlings. The possible role of a specific fatty 
acid composition in spruce thylakoid membrane lipids in facilitated V de-epoxidation and NRD induction at 
elevated temperatures is discussed. 

IntRoduCtIon
Upon illumination of dark-adapted plants with saturating light intensities, maximal (steady-state) de-epox-
idation state ([Z+A]/[V+A+Z]; DEPS) can be reached usually after ca 30 min (Jahns et al. 2009). Maximal 
DEPS in higher plants (typically 60–90%) differs among species (Kurasová et al. 2003). In Norway spruce 
(Picea abies [L.] Karst.) acclimated to high light, a rapid induction of maximal NRD and accumulation of 
zeaxanthin (Z) has been observed (Štroch et al. 2008). Moreover, it has been found that de-epoxidation ef-
ficiency depends on the formation of monogalactosyldiacylglycerol (MGDG)-enriched regions in thylakoid 
membranes that support both binding of violaxanthin de-epoxidase (VDE) to the thylakoid membrane and 
the availability of V for de-epoxidation (Jahns et al. 2009). 
Little is known about the role of Z- and DpH-dependent NRD in plants’ responses to elevated temperatures 
and high intensities of photosynthetically active radiation (PAR). Although moderately elevated tempera-
tures are not always associated with enhanced Z accumulation and stimulated NRD levels in illuminated 
leaves (Štroch et al. 2010), the DpH requirement to activate VDE and NRD induction is reduced in plants ex-
posed to heat stress (Zhang et al. 2009). 
One of the factors determining the dynamics of NRD induction at elevated temperatures is thylakoid 
membrane fluidity, which is influenced not only by temperature itself but also by the fatty acid composi-
tion of thylakoid membrane lipids. In thylakoid membranes of spruce needles, a considerable amount of 
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octadecatetraenoic acid (18:4) has been found in MGDG (Wolfenden & Welbrun 1991). That is very rare 
in higher plants. We suggest that the presence of octadecatetraenoic acid can be engaged in modulation of 
the temperature dependence of thylakoid membrane fluidity in Norway spruce needles. This in turn can con-
tribute to both facilitated V de-epoxidation and Z-dependent NRD induction at higher temperatures as com-
pared to such typical C3 plants as Hordeum vulgare L. and Arabidopsis thaliana (L.) Heynh. 
To elucidate the presumed impact of elevated temperature on Z-dependent photoprotection, we made a de-
tailed analysis in spruce seedlings and A. thaliana leaves of the temperature dependence of the rapid phase of 
V de-epoxidation under different illumination regimes. For this purpose, an analysis was conducted in both 
of these species of corresponding chlorophyll a (Chl a) fluorescence transients (monitoring in particular the 
inductions of NRD and of cyclic electron transport around photosystem I). 

mateRIalS and methodS 
Spruce and A. thaliana seedlings were grown for 17–19 and 60 days, respectively, at 50 μmol m−2 s−1 PAR in 
VB 1014 (Vötsch, Germany) and HGC 1014 (Weiss, Germany) growth chambers under 16/8 h (20/20°C) 
and 8/16 h (20/22°C) light/dark regimes, respectively. After 5 min of acclimation at given temperatures, 
samples were exposed to different illumination regimes (see Fig. 1 legend for details) at saturating PAR 
(1,400 μmol m−2 s−1) during which Chl a fluorescence traces were measured by a chlorophyll fluorescence 
meter (PAM 101/103; Walz, Germany). Immediately (ca 10 s) after the given PAR regime, samples were 
placed into liquid nitrogen and used for high-performance liquid chromatography of xanthophyll cycle pig-
ments with an Agilent 1200 (Agilent, USA) (Štroch et al. 2008).  

Fig. 1.  Effect of elevated temperature on the dynamics of V de-epoxidation in spruce seedlings and A. thaliana leaves. A, C: de-
epoxidation state (DEPS); B, D: amount of converted Z in relation to the pool size of xanthophyll cycle pigments. After 5 min 
pre-acclimation at the given temperatures, samples were exposed to different illumination regimes at 1,400 µmol m−2 s−1 
PAR. DA: control dark-adapted samples maintained 15 min at the given temperature; 1S: 1 s illumination; 10S: 10 s illu-
mination; 10x1S: 10 light pulses 1 s in duration at 1 min intervals; 600S: continuous illumination for 10 min. N = 5–6 ± SD.
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ReSultS
In both spruce needles and A. thaliana leaves, V de-epoxidation at 40°C was stimulated after 10 s, 10 × 1 s, 
and 600 s illumination regimes (Fig. 1A). But only in spruce was DEPS significantly enhanced after even a 
single 1 s pulse and extremely high DEPS was observed after 10 × 1 s illumination at 40°C which was even 
higher than after 10 min illumination at 20°C (Fig. 1A).  

Moreover, in A. thaliana leaves only A accumulated at 40°C after both 10 s and 10 × 1 s illumination, whereas 
in spruce seedlings a considerable amount of Z was converted – and particularly after 10 × 1 s illumination 
(Fig. 1B). Whereas in spruce seedlings the rapid phase of V de-epoxidation was gradually stimulated at in-
creasing temperatures, in A. thaliana leaves considerable acceleration of V de-epoxidation occurred only at 
40°C (Fig. 1C). In addition, accumulation of Z in spruce needles was stimulated already at 32°C, particularly 
after 10 × 1 s illumination, whereas no Z was present after that illumination at any temperature in A. thali-

ana leaves (Fig. 1D). 
Traces of Chl a fluorescence, obtained during 10 × 1 s illumination, were significantly modified by elevated 
temperatures in spruce needles (Fig. 2A–C). Already at 32°C (data not shown) and 36°C, the fluorescence 
signal after the fourth or fifth light pulse rapidly fell to below the F0 level and subsequently returned to approx-
imately the same F0 level as before the pulse (Fig. 2B). At 40°C, the rapid quenching of fluorescence below the 
before-pulse level was already observed after the second pulse (Fig. 2C). In A. thaliana leaves, by contrast, a 
typical fluorescence response after light pulse application was observed during the entire sequence of light 
pulses at temperatures up through 36°C (Fig. 2D, E). At 40°C, the fluorescence trace of A. thaliana leaves 
suddenly changed, but instead of a rapid quenching to below the F0 level the pronounced post-illumination 
fluorescence rise interrupted the decrease of the fluorescence signal back to the F0 level (Fig. 2F).

Fig. 2.  Typical traces of Chl a fluorescence obtained during 10 × 1 s illumination in spruce needles (A, B, C) and A. thaliana 
leaves (D, E, F) at indicated temperatures. Samples were pre-acclimated to given temperatures for 5 min prior to apply-
ing illumination regime.
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dISCuSSIon 
For the first time, V de-epoxidation has been observed after a 1 s light pulse in spruce needles. The high levels 
of Z accumulation after 10 light pulses 1 s in duration at 1 min intervals and at elevated temperatures clear-
ly demonstrate that the xanthophyll cycle can be accelerated to a higher degree than that which has recently 
been reported for rapid V de-epoxidation in Chromera velia (Kotabová et al. 2011) and Physcomitrella pat-

ens (Pinnola et al. 2013). Elevated temperatures stimulated V de-epoxidation in both A. thaliana leaves and 
spruce needles, as DEPS after 10 s illumination at 40°C was the same in both species studied. Only in spruce 
seedlings, however, was the second de-epoxidation step converting A to Z considerably accelerated at elevat-
ed temperatures, particularly after 10 × 1 s illumination. As this step requires a flip-flop of A in the MGDG 
thylakoid membrane domain (Jahns et al. 2009), this result indicates that the fluidity of MGDG domains in-
creased at elevated temperatures to a greater extent in spruce needles.
In agreement with the finding that rapid accumulation of Z at elevated temperatures is specific for spruce 
needles, the rapid quenching of F0 fluorescence after the 1 s light pulses in spruce seedlings indicates an ex-
tremely rapid induction of Z- and DpH-dependent NRD within LHCII. In contrast, the pronounced post-illu-
mination fluorescence rise observed at 40°C in A. thaliana supports the notion that in this plant species en-
hancement of cyclic electron transport at elevated temperatures contributes to rapid DpH-dependent NRD 
induction but not to Z-dependent NRD. 
Moreover, stimulation of rapid light-induced V de-epoxidation and NRD at increasing temperatures was 
gradual for spruce seedlings but rather stepwise at 40°C for A. thaliana leaves. This indicates that the tem-
perature dependence of thylakoid membrane fluidity may be different between spruce needles and A. thali-

ana leaves. In agreement with Wolfenden & Welbrun (1991), preliminary analysis of fatty acids in the thyla-
koid membranes isolated from spruce seedlings revealed the presence of two, yet unidentified, C18 fatty acids 
with 3 and/or 4 double bonds. These data support the hypothesis that the presence of octadecatetraenoic acid 
may be engaged in modulation of the temperature dependence of thylakoid membrane fluidity, which in turn 
may contribute to both facilitated V de-epoxidation and NRD induction at elevated temperatures. 
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abStRaCt
For higher plant photosynthetic reactions, responses to the temperature changes are important, particularly if we 
consider global warming and the increasing frequency of extreme temperature fluctuations. High temperature 
stress decreases photosynthetic assimilation through the inactivation of photosystem II (PSII), the most heat-sensi-
tive component of the oxygen-evolving complex. We have recently found higher thermostability of spruce PSII pho-
tochemistry compared to such control plants as Arabidopsis species and barley. In this work, we have therefore at-
tempted to describe the causes of this effect on the level of the organization of pigment–protein complexes (PPCs) in 
spruce thylakoid membranes using circular dichroism (CD) spectroscopy. We have confirmed higher maximum ef-
ficiency of PSII photochemistry (FV/FM) for spruce needles in comparison to barley leaves. Temperature-dependent 
CD spectra have also demonstrated higher (by about 6°C) PSII thermostability of chiral macro-organization of 
PPCs in spruce thylakoid membranes compared to those in barley. However, thermal disruption of PPCs did not re-
veal significant differences. Our results demonstrate that the stability of PSII macro-organization in different plant 
species correlates with the thermostability of PSII photochemistry in intact needles/leaves and so effective PSII pho-
tochemistry is related to the maintenance of PSII macro-organization under high temperature stress.

IntRoduCtIon
The response of higher plant photosynthetic reactions to temperature changes is of crucial importance if we take 
into account both global warming and the increasing frequency of extreme temperature fluctuations. Elevated tem-
peratures may cause direct negative effects on photosynthetic assimilation of carbon dioxide and photosystem II 
(PSII) is considered the most heat-sensitive component of the oxygen-evolving complex (Lípová et al. 2010, Zhang 
& Sharkey 2009). In our previous work (Špunda et al., unpublished data), we have found several features of the 
spruce photosynthetic apparatus that were not observed in such control plants as Arabidopsis species and barley. 
In particular, these are rapid acceleration of violaxanthin de-epoxidation by short pulses of saturating light at higher 
temperatures and higher thermostability of PSII photochemistry in spruce than was found in control plants.
In this work, we have focused on studying the macro-organization of pigment–protein complexes (PPCs) in thy-
lakoid membranes from spruce and barley using circular dichroism (CD). CD spectroscopy is a non-invasive 
method for investigating pigment–pigment interaction even in systems as highly complex as intact cells in vivo. 
Hierarchically organized systems such as thylakoid membranes contain three types of signals of different physi-
cal origins. For the study of thylakoid membranes, however, only the excitonic bands from short-range (nanome-
ter scale) excitonic interactions between pigments within PPCs and high-intensity Ψ-type CD bands from the long-
range order (hundreds of nanometres) of the chromophores in chirally-organized macroarrays are relevant (Garab 
& van Amerongen 2009). The main objective of this work is to determine whether the higher thermostability of PSII 
photochemistry found in spruce is somehow related to the macro-organization of PPCs in the thylakoid membrane.
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mateRIalS and methodS
Spring barley (Hordeum vulgare L. cv. Bonus) and Norway spruce (Picea abies L. Karst.) were grown from seeds 
under controlled environmental conditions inside an HB 1014 growth chamber (Bioline-Heraeus, Germany) at 
photosynthetic photon flux densities of 50 μmol photons m−2 s−1, 20°C, 65% relative humidity, and 16/8 light/
dark regime. The middle segments of dark-adapted primary leaves of 7-day-old barley plants and needles of 
3–4-week-old spruce seedlings were used for measurements on intact leaves and isolation of thylakoid mem-
branes. Barley thylakoid membranes were isolated according to Ilík et al. (2002) with modifications described 
in Karlický et al. (2010), while a special method for conifer needles was used to isolate spruce thylakoid mem-
branes (Holá et al. 2012).
CD spectra were measured on isolated thylakoid membranes between 400 and 800 nm using a J-815 spectro-
polarimeter (Jasco, Japan). Membranes at chlorophyll (Chl) content of 20 μg ml−1 were resuspended in a me-
dium containing 50 mM Tricine (pH = 7.5), 0.4 M sorbitol, 5 mM KCl, and 5 mM MgCl2. Spectra were recorded 
in steps of 0.5 nm with integration time of 1 s, band-pass of 2 nm, and scanning speed of 100 nm min−1. Optical 
path length of the cell was 1 cm. Samples were incubated sequentially for 5 min at each temperature starting 
from 20°C up to 70°C. Each experiment was repeated five times. Measured temperature dependences of CD 
bands and band pairs were fit with a sigmoidal curve that resulted in the estimation of transition temperatures 
(Tm). These Tm values mark the disassembly of the complexes’ chiral macrodomains (Cseh et al. 2000) and are 
defined as the temperature at which the intensity of the CD band is decreased to 50% of its value at 20°C.
Temperature responses of Chl a fluorescnence parameters were estimated using a PAM 101–103 pulse ampli-
tude-modulated fluorometer (Walz, Germany). Needle and leaf samples were exposed to linear heating in the 
temperature-controlled measuring chamber equipped with optical lid for PAM fibre-optics and connected to an 
MC-4 temperature-controlled bath (Julabo, Gemany). The linear heating of the water-bath was set to a speed 
of 1°C min−1 within 20–48°C. The sample’s surface temperature was continuously monitored during heat-
ing using a thermocouple. In order to avoid desiccation during measurement, samples were inserted into the 
measuring chamber on water-soaked foam and pre-acclimated at 20°C for 5 min in darkness prior to heating. 
Saturation pulses (t = 1 s, I = 1,400 μmol photons m−2 s−1) applied at 20°C and then after each 2°C increase (af-
ter ca 2 min), were used to determine maximum fluorescence in dark-adapted states (FM). Immediately prior to 
applying the saturation pulse, minimum fluorescence in a dark-adapted state (F0) was measured and the maxi-
mum efficiency of PSII photochemistry (FV/FM) was calculated as (FM–F0)/FM.

ReSultS
The CD spectra of thylakoid membranes isolated from barley and spruce revealed similar characters. The main CD 
bands at wavelengths around (+)685, (–)673, and (+)505 nm, which are of Ψ-type origin, and less intensive CD 
bands of excitonic origin at wavelengths of (−)438, (+)448, (−)459, and (−)650 nm were present in both barley and 
spruce samples (Fig. 1A, B). Nevertheless, at 20°C the amplitude of the main Ψ-type CD band for barley membranes 
was almost double that for spruce membranes (Fig. 1A, B), which indicates a much smaller size of chiral macrodo-
mains or a different macro-organization of PSII-supercomplexes in spruce thylakoid membranes than in those of 
barley.
In contrast to the similar character of the CD spectra at 20°C, the thermal stabilities of barley and spruce membranes 
differed significantly. In barley membranes, chiral macrodomains were affected considerably more by elevating the 
temperature to 45°C (Fig. 1A) than were those in spruce membranes (Fig. 1B). This difference in the thermal stabil-
ity of the macrodomain organization of the PPCs can be seen more clearly in a graph of the temperature dependence 
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of the Ψ-type CD bands (Fig. 1C), where Tm in spruce membranes is about 6°C higher than is Tm in barley mem-
branes. Temperature dependences of Ψ-type CD bands and band pairs are summarized in Table 1. 

Fig. 1:   CD spectra of isolated thylakoid membranes from (A) barley and (B) spruce measured at 20°C (black) and 45°C (grey). 
(C) Temperature dependences of the amplitude differences of the main Ψ-type bands, at around (+)685 nm and (–)673 nm, 
of barley (black) and spruce (grey) thylakoid membranes; data points from one representative series fitted with a sigmoi-
dal curve resulting transition temperatures (Tm) at 48.5°C and 54.7°C, respectively. Experiments were repeated five times 
and resulted in very similar differences in CD spectra and their thermal behaviour (see Table 1 for complete statistics). 
(D) Temperature dependences of maximum efficiency of PSII photochemistry (FV/FM) measured on overnight dark-adapted 
barley leaves (black) and spruce needles (gray). Mean values and standard deviation are presented (N = 5–6).

The thermal destabilization of different PPCs was monitored via the amplitudes of their corresponding exci-
tonic bands. Chl a excitonic bands at around 450 nm (Garab et al. 1991), determined either as CD(448–438) or 
CD(448–459), exhibited similar temperature dependences for barley and spruce and displayed essentially iden-
tical Tm values of about 60°C (Table 1). On the other hand, the thermostability of the excitonic band of Chl b 

within the PSII light-harvesting complex (LHCII) at 650 nm (Georgakopoulou et al. 2007) was higher by 
around 5°C for spruce than it was for barley (Table 1). Nevertheless, the excitonic Tm value especially of the 
barley thylakoid membrane may be underestimated due to the overlap of excitonic and high-intensity Ψ-type 
CD bands.
In order to verify the relationship between the structural and functional states of thylakoid membranes at el-
evated temperatures, we also measured the maximum efficiency of PSII photochemistry (FV/FM) on intact 
leaves/needles. We found that FV/FM of control plant leaves steeply decreased at 42°C and almost complete 
PSII inactivation occurred at 46°C. In contrast, PSII inactivation was more gradual in spruce needles at tem-
peratures above 40°C and FV/FM values of about 0.5 were observed at 46°C (Fig. 1D).
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Table 1:  Transition temperatures (Tm) of selected CD bands and band pairs for barley and spruce thylakoid membranes. 
Membranes were incubated for 5 min at different temperatures between 20 and 70°C before recording the CD spec-
tra at the given temperature. Amplitudes for individual bands were calculated from differences in intensity at specific 
wavelengths (see also the text). Mean values and standard deviation are presented (N = 5).

dISCuSSIon
Ψ-type CD bands of spruce thylakoid membranes had significantly higher Tm values than did those of barley 
membranes, while the Tm values of excitonic bands were not different. Therefore, these results indicate that 
spruce thylakoid membranes have considerable higher thermal stability of the chiral macro-organization of 
PPCs, but thermal destabilization of PPCs itself remained unchanged.
Comparing temperature dependences of FV/FM and Ψ-type CD bands of both plant species clearly demon-
strated that FV/FM began decreasing sharply after a decline in Ψ-type amplitude to approximately 80% of its 
value at 20°C and complete PSII inactivation was caused by a drop in Ψ-type amplitude below roughly 60% 
of its value at 20°C. Therefore, these results indicate that the stability of PSII macro-organization in differ-
ent plant species quantitatively correlates with the thermal stability of PSII photochemistry in intact needles/
leaves and is therefore related to the maintenance of photochemical activity under high temperature stress. 
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CD signal Assignment Tm (barley) Tm (spruce)

(nm) (°C) (°C)

685–730 Ψ-type 48.3 ± 2.2 54.1 ± 1.4

685–671 Ψ-type 47.9 ± 1.9 54.3 ± 1.1

505–550 Ψ-type 48.4 ± 1.2 52.4 ± 1.2

448–459 Excitonic (Chl a) 59.9 ± 2.5 61.9 ± 2.4

448–438 Excitonic (Chl a) 60.9 ± 2.3 61.8 ± 2.2

610–650 Excitonic (Chl b, LHCII) 56.0 ± 2.4 61.3 ± 1.6
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abStRaCt
The central aim of our study was to develop a method for solubilization and native electrophoretic (colourless 
native polyacrylamide gel electrophoresis; CN-PAGE) separation of pigment–protein complexes (PPCs) em-
bedded in thylakoid membranes (tBMs) isolated from spruce. Subsequently, we focused on studying the ef-
fect of temperature on the composition and PPC stability of two different species: barley and spruce. 
We found that the mild detergent n-dodecyl β-D-maltoside (β-DM) is suitable for PPC solubilization of 
spruce tBMs, but longer solubilization and a higher ratio of detergent to total chlorophyll are needed for 
spruce than are needed for barley. We also unified CN-PAGE protocols to optimize the separation of spruce 
and barley PPCs that resulted in the separation of photosystem I (PSI) and photosystem II (PSII) supercom-
plexes (SCs), PSI and PSII core dimers, PSII core monomers, trimeric and monomeric light-harvesting com-
plexes of PSII, and bands with free pigments. 
Studying the effect of elevated temperature on PPCs using CN-PAGE revealed different thermal stability of 
PPCs in spruce and barley tBMs. Pronounced PPCs changes were observed at temperatures at or above 40°C. 
We observed partial disappearance of PSII SCs bands at 44°C in barley and at 52°C in spruce. In addition, 
spruce PSI SCs exhibited slightly higher thermal stability than did barley PSI SCs. The increased thermal sta-
bility of spruce tBMS in comparison to that of barley tBM was also confirmed by the circular dichroism spec-
tra of isolated tBMs at different temperatures (Karlický et al. 2015).

IntRoduCtIon
Studying plant responses to changing environments on a molecular level requires, among other matters, bio-
chemical and proteomic methods to isolate cell compartments and to separate, identify, and quantify proteins 
and protein complexes. Reorganization of pigment–protein complexes (PPCs) within the thylakoid mem-
branes (tBMs) of chloroplasts is one of the adaptation mechanisms by which plants respond to such fluctu-
ating environmental conditions as changing temperature, light quality and quantity, and water and mineral 
availability. Electrophoretic techniques are useful methods for analysing the arrangement of thylakoid pro-
tein complexes and estimating protein composition. Today, colourless native polyacrylamide gel electropho-
resis (CN-PAGE) preserving the native state of separated protein complexes plays a considerable role among 
these methods in the first dimension (Wittig & Schägger 2008). On the other hand, denaturing SDS-PAGE 
in the second dimension with subsequent western blotting or mass spectroscopy is obviously used to deter-
mine the precise polypeptide composition of protein complexes (Ladig et al. 2011). Separation of thylakoid 
PPCs using various native electrophoretic techniques has been developed and is a widely used method for an-
giosperms (e.g., Tang et al. 2007, Karlický et al. 2010, Lípová et al. 2010, Järvi et al. 2011). For conifers, how-
ever, there are as yet no CN-PAGE protocols, and therefore to date denaturing or mild denaturing SDS-PAGE 
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electrophoresis has been used (Krivosheeva et al. 1996, Ivanov et al. 2006, Verhoeven et al. 2009). Due to the 
fibrous character of needles and the presence of waxes, tannins, and phenols (Holá et al. 2012), isolation and 
solubilization of tBMs from mature needles is more difficult, and using young spruce seedlings (ca 16–26 
days old) results in increased quality of isolated tBMs. In contrast to those from older needles, moreover, sus-
pensions of tBMs isolated from spruce seedlings regularly contain sufficient total chlorophyll for CN-PAGE 
requirements. 
In the present contribution, we describe a method for isolating and separating PPCs using non-denaturing 
CN-PAGE that is suitable for both barley and spruce. Using this method, we were able to separate several 
tBM SCs and to demonstrate different thermal stabilities of PPCs in spruce and barley tBMs.

mateRIalS and methodS
Plant material 

Spring barley (Hordeum vulgare L. cv. Bonus) seedlings were grown in commercially available soil substrate 
(Agro CS, Czech Republic) at 20°C in a growth chamber (HB 1014, Bioline-Heraeus, Germany) with 16/8 
h photoperiod at 50 μmol photons m−2 s−1. The middle parts of 7-day-old primary leaves were used to isolate 
tBMs. Norway spruce (Picea abies (L.) Karst.) seeds were immersed in water for 24 h prior to sowing in per-
lite (Agro CS, Czech Republic). Seedlings were grown under the same regime as barley and 20-day-old spruce 
plants were used for tBM isolation.

Isolation, thermal incubation, and solubilization of tBMs

Plant tissue (10 g for barley, 4 g for spruce) was disintegrated (45 s at 18,000 rpm) using an Ultra-Turrax T25-
18G blender-type homogenizer (IKA, Germany) in 100 ml of a homogenization medium (400 mM sucrose, 
400 mM NaCl, 4 mM MgCl2, 0.2 g BSA, 5 mM ascorbic acid, 35 mM Hepes, pH 7.2). Homogenate was filtrat-
ed through 8 layers of polyamide sieve (Uhelon 130T, 42 μm, Silk & Progress, Czech Republic) and centri-
fuged (3K30, Sigma, UK) for 6 min at 5,000 and centrifuged for 3 min at 200 × g. Pellets were resuspended 
in 15 ml of medium I for disrupting the chloroplast envelope (150 mM NaCl, 8 mM MgCl2, 1 mM Na2-EDTA, 
25 mM Hepes, pH 7.5) and centrifuged for 10 min at 5,000 × g. Starch was removed from pellets by resus-
pending pellets in 10 ml of medium II (400 mM sucrose, 15 mM NaCl, 5 mM MgCl2, 50 mM Hepes, pH 7.2 ). 
The resulting supernatant was centrifuged for 5 min at 5,000 × g and the resulting pellet containing tBMs was 
resuspended in medium II to a concentration of 1,000 μg total chlorophylls ml−1. All isolation and centrifuga-
tion steps were performed at 0°C according to Nosek (2012).
Suspensions of prepared tBMs were doubly diluted with medium II and placed into water baths pre-heated to 
20, 32, 36, 40, 44, 48, 52, 56, and 60°C for 15 min in a dark room. tBMs were then immediately frozen in liq-
uid N2. Thawed tBMs were solubilized for 5 min (barley) or 10 min (spruce) with 10% (w/v) detergent n-do-
decyl-β-D-maltoside (β-DM) to yield a final w/w ratio of detergent to total chlorophylls of 20:1 for barley and 
35:1 for spruce. High-speed centrifugation (20,000 × g for 10 min) was used to remove unsolubilized tBMs. 
The supernatant with solubilized tBMs (containing 15 μg of total chlorophylls) was immediately loaded onto 
polyacrylamide gel.

Native polyacrylamide gel electrophoresis (CN-PAGE)

Separation of PPCs using CN-PAGE was carried out using 4% (w/v) stacking and 4.5–11.5% (w/v) gradient 
resolving polyacrylamide gel (38:1 acrylamide:bisacrylamide). Prepared gel solutions were loaded between 
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glass plates (18 × 16 cm) using SG5 gradient maker (Hoefer, USA). A BisTris system of cathode and anode 
buffers (pH 7.0) was used with the addition of β-DM (0.02% w/v) and anionic detergent sodium deoxycho-
late (0.05% w/v) to the cathode buffer. Electrophoresis was performed in a chilled (4°C) SE660 running sys-
tem (Hoefer, USA) in darkness at gradual voltage increase from 75 to 200 V (Järvi et al. 2011) and with total 
running time of 3.5 h. Gel images containing separated PPCs were captured by a ChemiDoc MP gel imager 
(BioRad, USA) in transmitting white light with CCD detection.

ReSultS
Our previous experiment (data not shown) had revealed that the mild detergent β-DM is suitable for solubi-
lization of tBMs in both plant species. We tested different durations of tBM solubilization with β-DM (5–20 
min) as well as various ratios of detergent to total chlorophyll (5, 10, … 55:1) to optimize tBM solubilization 
and subsequent PPC separation. We observed separation of PPCs into PSI SCs and several (4–5) PSII SCs, 
PSI and PSII core dimers (PSIID), PSII core monomers (PSIIM), and trimeric and monomeric light-harvesting 
complexes of PSII (LHCIIT and LHCIIM) in all treatments and both plant species (except for 5:1 and 10:1 ra-
tios of β-DM to chlorophylls for solubilization of barley tBMs, in which cases no or only faint bands with PSII 
SCs appeared, data not shown). We determined the optimal settings for PPC solubilization were 10 min with 
a 35:1 ratio of β-DM to chlorophylls for spruce and 5 min with a 20:1 ratio of β-DM to chlorophylls for barley.
Fig. 1 shows the effect of elevated temperature on PPC composition and content. As the temperature rises, 
the bands with PSII and PSI SCs progressively disappear and simultaneously different thermal stabilities of 
PPCs in spruce and barley tBMs are revealed. Barley exhibits a partial disappearance of PSII SCs bands at 
44°C, while for spruce tBMs a pronounced reduction in the corresponding bands was observed at 52°C (Fig. 
1). Additionally, PSI SCs exhibited slightly higher thermal stability in spruce tBMs than they did in barley 
tBMs (the corresponding band was considerably reduced in spruce at 56°C and 60°C while in barley it had 
almost disappeared at 56°C; Fig. 1). 

Fig. 1:  CN-PAGE separation of PPCs in tBMs isolated from (A) barley plants and (B) spruce seedlings exposed (for 15 min) to 
water baths pre-heated to 20–60°C in a dark room. tBMs were solubilized using β-DM with ratios of detergent to total 
chlorophyll of 20:1 for barley and 35:1 for spruce. Solubilized tBMs (30 µl) containing 15 µg of total chlorophylls were 
loaded into gel wells. 

The disassociation of SCs is accompanied by increasing formation of PPC aggregates (observed as insolu-
bilized PPCs in gel wells), increased LHCII in monomeric form, and increased free pigment band intensity 
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in both plant species but more distinctly in barley. Elevated temperatures also caused increased monom-
erization of PSIID associated with increased intensity of the PSIIM band (at 48°C and 52°C for spruce and 
44°C and 48°C for barley). Complete degradation of PSIIM was observed at 56°C for barley and 60°C for 
spruce.

dISCuSSIon
The main contribution of our work is the development of a tBM solubilization and non-denaturing native-
electrophoretic technique for effective and gentle separation of PPCs embedded in tBMs which is suitable 
for both barley and spruce. The separation of PSI and PSII SCs into several bands indicates the mildness of 
these techniques compared to those utilizing mild denaturing conditions (with SDS in low concentrations or 
Deriphat as detergents) to separate PPCs contained in tBMs of conifer species. Our observed PPCs changes 
under elevated temperatures are in good agreement with previously published results (Lípová et al. 2010, 
Krumova et al. 2014). The higher thermal stability of PPCs reported from CN-PAGE of heated spruce tBMs 
was confirmed also by circular dichroism spectroscopy, when the disassembly of chiral macrodomains of 
PPCs was observed at a higher temperature (by about 5°C) for spruce tBMs than for barley tBMs (Karlický 
et al. 2015). We assume that the improved thermal stability of spruce tBMs might be associated with a dif-
ferent composition of the lipid phase of spruce tBMs (due to changed unsaturated fatty acids content) than 
is found in barley. Detailed analysis of the lipid composition of spruce and barley tBMs is an important issue 
for future research.
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abStRaCt
Green microalgae are among the most widely distributed microorganisms in the biosphere. They are signif-
icant contributors to global photosynthetic productivity and are interesting for biotechnology due to their 
large variety of high-value compound accumulation and range of applications. To achieve profitable micro-
algae cultures for biotechnology, one wants to combine antagonistic properties: rapid growth and high accu-
mulation of specific compounds.
Here, we focus on development of advanced cultivation strategies and breeding methods applied to the model 
algae Chlamydomonas reinhardtii for optimized production of lipids. For identification, isolation, and subse-
quent selection of an optimal subpopulation with high lipid content, we used high-throughput fluorescence-
activated cell sorting in combination with imaging flow cytometry on cells stained with lipid-specific fluores-
cent dye. We observed that post-sort cell viability was not negatively influenced by external parameters used 
during the sorting procedure (pressure, light quality and quantity, influence of the sorting electromagnetic 
field, toxic effects of both fluorescent marker and microfluidic system medium composition).

IntRoduCtIon
Microalgae are good candidates for fuel production due to their faster growth, higher photosynthetic efficien-
cy, and greater lipid content compared to other energy crops (Bono et al. 2013). One promising microalga is 
Chlamydomonas reinhardtii, a unicellular green alga which has been investigated as a reference organism for 
studying algal physiology, metabolism, and genetics (Merchant et al. 2010, 2012). It can synthesize intracel-
lular lipid bodies containing triacylglycerol. Lipid-body formation depends on several factors such as nutrient 
starvation, temperature, salinity, and light intensity (Johnson & Alric 2013). Studies have shown a starchless 
mutant of C. reinhardtii to have heightened lipid synthesis compared to the wild type (Work et al. 2010). We 
therefore used the starchless mutant for our study.
Fluorescence-activated cell sorting (FACS) is a powerful technique for isolating target cells from a complex 
population based upon specific fluorescence cell properties. The potential of FACS to enhance feedstock pro-
duction, specifically to enhance oil-rich strains of microalgae, has been reported in several articles (Doan & 
Obbard 2012). The background of this method is based on microalgae’s unique ability to adapt their metabo-
lism to culture conditions and the opportunity to modify and maximize lipid production (Hyka et al. 2013).
Imaging flow cytometry (IFC) provides multiple high-resolution images of every cell directly in flow, includ-
ing bright field, dark field, and fluorescent imagery with sensitivity exceeding that of conventional flow cy-
tometers. This enables detailed characterization of cells using a range of criteria and provides a technique 
combining visual analysis and flow cytometric profiling. We describe a method that combines both flow cy-
tometry techniques, IFC and FACS, using the capacity of specific properties of fluorescent dyes and cultiva-
tion under controlled conditions to identify, isolate, and select cells with higher stable lipid production.
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mateRIalS and methodS
Strains and culturing conditions. The starchless mutant cc4333 (sta6-1) used in this study was kindly provid-
ed by Dr. L.G. Valledor, University of Oviedo, Spain. The culture media used in this study were HEPES-Acetate 
Phosphate (HAP) (Blaby et al. 2013) liquid culture medium, inorganic nitrogen source reduced HAP medium 
(HAP-N or -60N), and a HAP medium without Na acetate (HAP-A). The HAP-N medium was prepared without 
HAP 60N and with 60% of the NH4Cl of the original HAP medium. C. reinhardtii culture was cultivated in an FMT-
150 bioreactor (PSI, CZ) for 35 days under specific light (45/383 μmol m−2 s−1 red/cold white light), gassing (1.5% 
CO2, 200 ml min−1), and temperature (25 °C) conditions, stirred with a magnetic bar (180 rpm, ø6 × 35 mm). 
During these 35 days, C. reinhardtii was sorted 5 times and after the 35 days cultivated in an Erlenmeyer flask in 
an AlgaeTron AG230 (PSI, CZ) and shaken on an orbital shaker (125 rpm, 10 mm), under specific light (100 μmol 
m−2 s−1 cold white light) and temperature (25°C) conditions and in HAP-A medium for 27 days. Subsequently, the 
sorted and original C. reinhardtii cultures were recultivated for 10 days in HAP-A at approximately the same opti-
cal density and then resuspended in HAP-A medium. 
Fluorescence staining. Lipid bodies were stained with BODIPY 505/515 according to Cooper et al. (2010) (to 1.5 
μg ml−1 and incubated for 10 min in darkness at 25°C). BODIPY 505/515 dye has a sharp emission peak at 515 nm 
with weak emission at higher wavelengths. This dye selectively stains lipids including fatty acids, cholesteryl esters, 
phospholipids, sphingolipids and their analogues (Chen et al. 2009, Cooper et al. 2010). Cellular activity was de-
termined using fluorescein diacetate (FDA; Sigma–Aldrich, USA) as the marker. FDA is a cell-permeant esterase 
substrate that can serve as cellular activity probe measuring both enzymatic activity and cell-membrane integrity. 
Samples were stained with FDA (to 25 μg ml−1 and incubated in darkness for 10 min, at 25°C).
Imaging flow cytometry. IFC combines the quantitative power of large sample sizes common to flow cytometry with 
the information content of microscopy and enables statistical analyses of entire populations with the capability 
to focus at the single-cell level. This tool was used to study lipid body production and changes in cell viability and 
chlorophyll (Chl) content. IFC was performed on an ImageStreamX Mark II (Amnis, USA). A sample of 10,000 
cells was collected using a 488 nm excitation laser (0.1 mW) for BODIPY excitation and Chl excitation. BODIPY 
505/515 fluorescence (alternatively FDA fluorescence) was collected in channel two (505–560 nm), the bright 
field image in channel three, and Chl fluorescence in channel five (660–740 nm). 
Cell sorting. A MoFlo XDP high-speed flow cytometer (Beckman Coulter, USA) was used for cell sorting. The same 
excitation laser as during IFC measurements was used for the sorting procedure and the BODIPY signal was mea-
sured in the 515–545 nm range. Chl fluorescence was measured above 670 nm. As flow cytometry sheath fluid, we 
used Coulter Isoton II Diluent (Beckman Coulter, USA). Cell sorting was done using purity mode, with a 70 μm 
nozzle tip. The sorting window was adjusted so that the new subpopulation contained cells with high lipid content 
quantified by BODIPY 505/515 (Fig. 1). Cells were sorted directly into sterile 50 ml tubes. After the sorting step, 
the cells were washed and resuspended in HAP medium. 

ReSultS and dISCuSSIon
The aim of this study was to apply controlled selective pressure in order to increase the lipid content of C. re-

inhardtii. To obtain healthy growth of C. reinhardtii, the cultures were harvested during the early stationary 
growth phase. The initial cultures for the inoculum were maintained at around 107 cells ml−1 in HAP-A me-
dium and cultivated in a photobioreactor. When cells reached the early stationary phase, the culture was di-
vided into two samples. One sample was used as the control (compared to non-sorted culture) and the sec-
ond was used for an additional cell sorting step (sorted culture). Cells for sorting were stained by BODIPY as 
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described in the “Materials and methods” and sorted using flow cytometry according to the strategy shown 
in Fig. 1. Cell sorting region (R3) was adjusted to 75 ± 5% of BODIPY fluorescence to sort the subpopula-
tion containing cells with the highest lipid and chlorophyll contents. These conditions assured post-sorting 
growth performance comparable with original cells from the normal, untreated population.
The sorted subpopulations from each sorting step were used as the inoculum for new cultivation in the bio-
reactor and later for another sorting step until a final subpopulation with higher lipid productivity was estab-
lished. Lipid content and cell viability were periodically measured together with growth parameters that were 
monitored in the photobioreactor.

Fig. 1: F low cytometry analysis. Selected region R3 (stained cells distribution of BODIPY fluorescence with mean of 75 ± 5%) 
was gated for cell sorting. Side panel shows an example of BODIPY and bright field (cell morphology) images for sub-
populations with low lipid content (R2) and high lipid content selected cells (R3).

At the end of the first sorting step, we compared the properties of the original and sorted cultures over 13 days.  
Fig. 2 (left) shows a higher BODIPY fluorescence signal and thus higher lipid content of sorted cells compared to 
the original cells. These results suggest that the newly developed strategy for sorting and culturing C. reinhardtii 
cells was able to deliver a population with higher lipid content compared to the original culture.
Fig. 2 (right) shows the recorded fluorescence intensity of FDA stain, corresponding to the cells’ metabolic activity, 
monitored over 13 days after the first sorting step. It was observed that sorted cells have weaker mean fluorescence 
intensity of FDA stain. Based on information collected from the IFC analyses and growth parameters monitored 
in the photobioreactor, we can conclude that post-sorting cell viability and cell recovery were not reduced. Post-
sorting cell viability is an important point to consider for cell recovery and for the quality of subsequent cultivation. 
It depends on several factors such as the sorted cells’ taxonomic group, fluorescent dye used for staining, and prop-
erties of the sorter fluidics system. Our sorting strategy shows improvement compared to other works. 
To determine the effect of controlled selective pressure on cell lipid content, five sorting steps were performed. Total 
lipid content and cell viability were determined for each sorting step. We observed improvement in cells’ lipid con-
tent in the sorted subpopulations. The enhancement of lipid content at the last sorting step was about 24% relative 
to the initial content. Similar results were described in other recent studies. For example, Doan & Obbard (2012) 
used FACS to select lineages of Nannochloropsis sp. to enhance total lipid content in daughter cells by up to double 
the lipid content of the wild-type, original strain. The enhanced intracellular lipid content of sorted cells was persis-
tent over subsequent generations and fatty acid profiles did not differ significantly from those of original strains. A 
sorting-based strategy for rapid isolation of high-lipid C. reinhardtii mutants using traditional culturing techniques 
on plates and in Erlenmeyer flasks was also described previously (Velmurugan et al. 2014, Terashima et al. 2015). 
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Fig. 2:  (Left) Comparison of lipid production between sorted and normal cultures. Columns show percentages of cells with lipids 
and lines show mean BODIPY 505/515 fluorescence as a measure of cell lipid content. (Right) Comparison of cell activ-
ity between sorted and normal cultures. Columns show percentages of active cells and lines show mean FDA fluorescence 
as a measure of metabolic activity. The medium was refilled at time points indicated by asterisk (*). The medium was 
changed from HAP–A (without acetate) to HAP–N (reduced inorganic nitrogen source) on day 10. Medium was refilled 
or changed only after IFC analysis. These cultures were cultivated in an Erlenmeyer flask in an AlgaeTron AG230. Error 
bars are calculated as SD from three replicates.

In correlation with these results, we combined the described FACS strategy with the capacity of IFC and pho-
tobioreactor-powered cultivation strategy to maximize lipid production in a highly controlled and reproduc-
ible environment focused on developing a long-term stable, high-productivity strain. Using our strategy, we 
obtained a new substrain of C. reinhardtii with higher lipid content. We expect that an additional outcome of 
the developed methods and cultivation strategies will be to identify a set of genes that contribute to increased 
lipid accumulation and can be taken as a clue for enhanced artificial genetic manipulation.
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abStRaCt
Cyanobacteria have gained increased attention as ideal candidates for biotechnological applications due to their 
capacity to produce valuable molecules ranging from therapeutic proteins to biofuels. Their natural phenotypic 
plasticity in highly dynamic environments enables easy deployment of new biotechnologies as well as opening pos-
sibilities for genetic engineering. 
This contribution presents a new approach to fast and reliable characterization of cyanobacteria growth in a flat 
panel photobioreactor that enables examination of changing light, temperature, and nutrient availability. The uti-
lization of semi-continuous automatic cultivation with real-time culture growth monitoring provides a strong ex-
perimental basis for both characterization and optimization of cyanobacteria cultures in photobioreactors. We first 
characterized the autotrophic growth of the substrain of Synechocystis sp. PCC 6803 denoted as GT-L. This strain 
is capable of efficient growth under a wide range of environmental conditions with doubling time as fast as 5 h un-
der favorable conditions. However, differences among Synechocystis sp. PCC 6803 substrains have been identified 
on both the genotype and phenotype levels. We therefore aimed to utilize the experimental platform to characterize 
multiple commonly used Synechocystis sp. PCC 6803 substrains. This method will enable us to identify substrains 
capable of robust growth and high production yields as reliable biotechnological candidates.

IntRoduCtIon
Cyanobacteria can be found in almost all aquatic and terrestrial habitats. Aquatic cyanobacteria have biotechno-
logical potential as they use light as an energy source and can be cultivated in controlled environments. They can 
be used to produce a wide range of valuable substances (Ducat et al. 2011). The third prokaryote and first pho-
tosynthetic organism to have its genome completely sequenced was Synechocystis sp. PCC 6803 (hereafter only 

Synechocystis;  Kaneko et al. 1996). This strain is the most intensively studied cyanobacterium and we can find de-
rived substrains in many laboratories around the world (Moris et al. 2014). It is important to pay attention to the 
history and specific cultivation conditions of each Synechocystis substrain, especially in the sense of adaptive labo-
ratory evolution(Dragosist & Mattanovich 2013), as differences among individual Synechocystis substrains have 
been identified on both the genotype and phenotype level (Ikeuchi & Tabata 2001, Kanesaki et al. 2012, Trautmann 
et al. 2012). Phenotypic differences include glucose tolerance, motility, resistance to stress, and basal metabolism.
In our study, we aimed to characterize the growth and comparison of various frequently used Synechocystis sub-
strains from different laboratories and culture collections. The first experiments were performed on substrain “GT-
L” (Zavřel et al. 2015), kindly provided by Prof. D. A. Los (Institute of Plant Physiology, Moscow, Russia). The 
next substrain known as “GT-K” was kindly provided by Dr. P. Jones (Turku, Finland). This substrain came to Dr. 
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P. Jones from Prof. A. Kaplan (Jerusalem, Israel) and is derived from the strain “GT Williams” (Morris et al. 2014). 
We also ordered a reference Pasteur Culture Collection (PCC) Synechocystis substrain (Paris, France). All of these 
substrains have been used in multiple studies as model organisms. Synechocystis growth under varying irradianc-
es, temperatures, and nutrient concentrations has been characterized in several studies. However, comparative 
growth characterization of multiple Synechocystis substrains has not yet been published.

mateRIalS and methodS
All Synechocystis cultures were cultivated in BG-11 medium supplemented with 17 mM HEPES (Sigma-Aldrich, 
USA). Inoculum cultures were cultivated in 250 ml Erlenmeyer flasks on an orbital shaker (140 rpm, 30 mm) at 
31°C and under 110 μmol(photons) m−2 s−1 of warm white light provided by light emitting diodes (LEDs). 
Growth characterization experiments were performed in a laboratory-scale flat panel photobioreactor  (Nedbal 
et al. 2008). The photobioreactor illumination panel was designed as a chessboard configuration of red and blue 
LEDs. The photobioreactor continuously measured optical density and steady-state pigment fluorescence emis-
sion yield. For culture homogenization, we used an inflow gas bubbling system, complemented with rotation of a 
magnetic stirrer bar. Temperature and pH were measured by an InPro3253 electrode (Mettler-Toledo, USA). 
For growth characterization, we used a quasi-continuous cultivation regime using a turbidostat mode. The di-
lution of actively growing cell suspensions was adjusted to OD680 (optical density measured at 680 nm) be-
tween 0.52–0.58, corresponding to a cell concentration of approximately 107 cells ml−1. Growth rates were 
calculated for each growth period between dilution steps  (Zavřel et al. 2015).
Synechocystis cells were cultivated under red light intensities of 55–660 μmol(photons) m−2 s−1 supplemented 
with 25 μmol(photons) m−2 s−1 of blue light and temperatures of 23–38°C with nutrient concentrations satu-
rated for Synechocystis growth. Cultures were cultivated under each specific condition for at least 24 h, a pe-
riod sufficient for growth stabilization and proper growth rate evaluation. 

ReSultS
We focused on Synechocystis substrains growth characterization under different temperatures and red light 
intensities. During light characterization, the temperature was adjusted to 32ºC, which was identified as 
growth-saturating for most Synechocystis substrains (see below). Similarly, during temperature character-
ization, red light intensity was set to a growth-saturating intensity of 220 μmol(photons) m−2 s−1. 
The best growth performance under varying red light intensities was observed for the PCC substrain. Under 
440 μmol(photons) m−2 s−1 of red light, growth rates were about 0.12 h−1, corresponding to a doubling time 
of approximately 5.8 h. This light intensity was also saturating for growth of the PCC substrain. For the other 
two substrains, the saturating red light intensity was 220 μmol(photons) m−2 s−1, and the maximum growth 
rates achieved were about 0.1 h−1 for substrain GT-L and 0.08 h−1 and for GT-K, corresponding to doubling 
times of ca 7 h and 9 h, respectively. The growth performance of all three Synechocystis substrains under vary-
ing red light intensities is depicted in Fig. 1.
Temperature effects on Synechocystis growth are shown in Fig. 2. The growth saturating temperature was 
32°C for the PCC and GT-L substrains and 35°C for the GT-K substrain. At 38°C, the growth rates of all 
Synechocystis substrains decreased. Also at temperatures bellow growth saturation, all substrains recorded 
decreased growth rates, but with different temperature coefficients (Q10); 1.69 for the GT-L substrain, 1.76 
for PCC, and 2.90 for GT-K. At 35°C, maximum growth rates were in a range of approximately 0.09–0.1 h−1 
for all substrains, corresponding to doubling times of approximately 7–8 h.
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Fig. 1:  Growth characterization of three Synechocystis substrains, PCC (☐), GT-L (°), and GT-K (∆), under red light intensi-
ties of 55–660 µmol(photons) m−2 s−1 with additional 25 µmol(photons) m−2 s−1 of blue light. Light characterization was 
performed at 32°C and nutrient concentrations saturated for growth. Each point represents the mean of at least three 
independent experiments. Error bars represent standard errors. For error bars not visible, standard error was too low 
for visualization. 

Fig. 2:  Temperature effects on growth of three Synechocystis substrains: PCC (☐), GT-L (°), and GT-K (∆). Temperature 
characterization was performed under red light intensity of 220 µmol(photons) m−2 s−1 with additional blue light inten-
sity of 25 µmol(photons) m−2 s−1 and nutrient concentrations saturated for growth. Linear fits for Q10 are depicted for 
GT-L (- - -) and PCC (– –) at 23–32°C and for GT-K (∙∙∙) at 23–35°C. Each point represents the mean of at least three 
independent experiments. Error bars represent standard errors. For error bars not visible, standard error was too low 
for visualization. 

dISCuSSIon
In this work, we systematically characterized the autotrophic growth of several substrains of the model cya-
nobacterium Synechocystis in laboratory-scale photobioreactors and identified conditions for their optimal 
and suboptimal growth. The characterization focused on irradiance and temperature, environmental factors 
relevant for both laboratory research and industrial applications. 
To monitor growth and determine growth rates, we used optical density measured at 680 nm (OD680). 
Absorption of light at such a wavelength is influenced by both cell count and morphology as well as cellular 
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pigment content (mostly chlorophyll a in the case of Synechocystis). The use of OD680 enabled us to detect sta-
bilization of combined cell characteristics based on the linear correlation between OD680, cell count, and chlo-
rophyll a content (Nedbal et al. 2008, Zavřel et al. 2015).
One of the most important environmental factors relevant for growth of photosynthetic organisms is light. 
During photoautotrophic growth, light is the only energy source available for cells. We characterized 
Synechocystis growth under red light of 55–660 μmol(photons) m−2 s−1 and observed growth inhibition under 
the highest irradiances only for substrain GT-K. The other two substrains were not inhibited under high light 
intensities. In general, all substrains displayed significantly different growth under red light intensities above 
110 μmol(photons) m−2 s−1 (light conditions often used in Synechocystis related studies). 
All strains achieved the highest growth rates at 35°C. In general, GT-K showed the slowest growth rates be-
low 35°C as well as the least efficient adaptation to lower temperatures, as confirmed by the highest tempera-
ture coefficient Q10. The specific growth rates of all substrains decreased at 38°C, which is in accordance with 
previously published studies (Inoue et al. 2001, Zavřel et al. 2015).
In this work, we utilized a growth characterization platform for a comparative growth study of three sub-
strains of the model cyanobacterium Synechocystis. We compared growth under varying temperatures and 
light intensities and identified differences among tested substrains. However, further analysis would be re-
quired for detailed understanding of observed differences. Also, additional relevant factors including nutri-
ent availability are of further research interest, similarly as growth characterization of other Synechocystis 
substrains. This study brings the first insight into the growth demands of individual Synechocystis substrains 
and demonstrates the importance of accounting for the adaptive capacities of Synechocystis cells under dif-
ferent laboratory environments.

Acknowledgement

TZ, PO, and JČ were supported by project No. CZ.1.05/1.1.00/02.0073 484 CzechGlobe from the Ministry of Education, 

Youth and Sports; project No. LO1415 within the National Programme for Sustainability; and Operational Programme 

Education for Competitiveness project No. CZ.1.07/2.3.00/20.0256. MS was supported by grants nos. 14-14-00904 and 14-

24-00020 from the Russian Science Foundation.

References

Dragosits M, Mattanovich D (2013) Microb. Cell Fact. 12, 64. 

Ducat DC, Way JC, Silver PA (2011) Trends Biotechnol. 29, 95–103.

Ikeuchi, M, Tabata S (2001) Photosynth. Res. 70, 73–83. 

Inoue N, Taira Y, Emi T et al. (2001) Plant Cell Physiol. 42, 1140–1148.

Kaneko T, Sato S, Kotani H et al. (1996) DNA Res. 3,109–136. 

Kanesaki Y, Shiwa Y, Tajima N et al. (2012) DNA Res. 19, 67–79. 

Morris JN, Crawford TS, Jeffs A et al. (2014) New Zeal. J. Bot. 52, 36–47. 

Nedbal L, Trtílek M, Červený J et al. (2008) Biotechnol. Bioeng. 100, 902–910. 

Trautmann D, Voss B, Wilde A et al. (2012) DNA Res. 19, 435–448. 

Zavřel T, Sinetova MA, Búzová D et al. (2015) Eng. Life Sci. 15, 122–132.



158

the importance of hydromorphological analysis in 
evaluating floodplain disturbances – an upper Stropnice 
River case study

Jakubínský, J.1,*, Pelíšek, I.2, Cudlín, P.1

1Global Change Research Centre, Bělidla 986/4a, 603 00 Brno, Czech Republic
2Research Institute of Soil and Water Conservation, Boženy Němcové 2625, 530 02 Pardubice, Czech Republic
*author for correspondence; email: jakubinsky.j@czechglobe.cz

abStRaCt
This contribution deals with a comparative analysis of the hydromorphological state of a river network and 
the ecological status of a neighbouring floodplain area. The issue has gained great importance especially in 
addressing the causes and effects of flood events, which are an increasingly frequent manifestation of global 
environmental change at the local level. The area of interest was the upper part of the Stropnice River basin 
in Southern Bohemia with an area of about 100 km2. The basin is characterized by wide variability of natural 
conditions and human activities. The main objective was to analyse how the river’s morphological status af-
fects habitat type naturalness. We endeavoured to determine the extent to which hydromorphological modifi-
cations contributed to transforming riparian natural habitats into more human-influenced habitats.
Based on the results, we can conclude that within the area of interest the direct link between rivers and their 
close surroundings was only minimal. A significant role in shaping this relationship was played by a large an-
thropogenic modification of the entire floodplain area as well as the actual riverbed, which often causes com-
pletely different results. In areas where the floodplain ecosystem displayed relatively favourable environmen-
tal values, the relevant channel reach was degraded significantly, and vice versa. These facts point to long-
term effects from anthropogenic pressure, which are manifested in the mutually and not well coordinated 
management of the river network and land-use system within the watershed.

IntRoduCtIon
Due to their ideal conditions, flat and often fertile areas along the Stropnice River network encompass a large 
number of human activities with direct and indirect impacts on the current state of fluvial ecosystems and 
even streams. This paper analyses the floodplain area in a manner which concentrates in itself four dimen-
sions defined in the concept of Amoros & Petts (1993). Practically, these are considerations of the longitudi-
nal, transverse, vertical (i.e. individual layers of soil horizons and bedrock sequences), and temporal dimen-
sions of the river landscape. According to Štěrba et al. (2008), a river landscape is an area existing in abso-
lute dependence on the river, mostly made up of alluvial deposits that represent the ecosystems created or 
substantially conditioned by the river. The importance of hydromorphological evaluation is accounted for 
in European legislation (in particular the Water Framework Directive, 2006/60/EC), where the process, to-
gether with evaluation of biological components and selected physicochemical parameters, represents a sub-
part of the ecological status monitoring of all surface waters. The basic research hypothesis is that the natural 
river network should be surrounded by nature-friendly habitats, since the individual parts of the river land-
scape are mutually complementary and evolve jointly. Thus, the main objective was to determine the extent 
to which the above relationship between the river and floodplain reflects human influences in terms of both 
negative and positive impacts. 
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mateRIalS and methodS
Morphological assessment of the riverbed status in the area of interest was carried out using two different 
methods based on similar parameters but somewhat different principles of assessment. These are the nation-
al hydroecological monitoring (HEM) method (Langhammer 2013) and a slightly older assessment method-
ology developed by Šindlar et al. (2008). The Šindlar approach focuses on expressing the differences between 
a stream’s currently identified status and the natural status at the given site. It places greater emphasis on the 
geomorphological processes affecting the evolution of the riverbed and floodplain, using such indicators as 
flow and sedimentary regime, riverbed morphology, channel-forming processes, and backwater influence. 
In contrast, the HEM method only analyses the current status of the stream and floodplain by scoring such 
basic indicators as channel bottom and banks characteristics, riverbed pattern, and the properties of inunda-
tion areas and flow regime, even though it notes that the most positive identified hydromorphological stream 
quality corresponded to potentially natural conditions. Both methodologies evaluate the watercourse as well 
as the adjacent floodplain. 
Data for hydromorphological analysis using these methods were obtained within a detailed field survey of 
selected floodplain reaches in the area of interest and also in the form of remote sensing data (especially for 
floodplain parameters) derived from aerial photographs and other maps. The map in Fig. 1 shows the area of 
interest including the location of individual segments of the floodplain studied.

Fig. 1: Map of study area – upper Stropnice River basin in Southern Bohemia.

As mentioned above, the hydromorphological status of the river network was further compared with the eco-
logical status of the surrounding floodplain, i.e. its biodiversity. Such diversity was assessed using the biotope 
valuation method (Seják et al. 2003), where each habitat type has been assessed using a set of characteristics, 
namely maturity, naturalness, structure diversity, species diversity, habitat type rarity, species rarity, habitat 
type vulnerability, and threat to habitat type. Based on these characteristics, values indicating their relative 
ecological importance in relation to other types of habitats in the country were assigned to the various types of 
habitats in the Czech Republic (including Natura 2000 habitats and groundwater habitats). The total value of 
habitats for each segment in the studied catchment was calculated as the mean of the values for each habitat 
in a given floodplain segment weighted by the length of the habitat’s boundaries with stream banks. The exact 
positions of habitats’ borders in the studied areas were identified by field mapping and subsequent verifica-
tion using aerial photos within a GIS analysis. 
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ReSultS
By comparing the two data sets describing the river network’s hydromorphological status and the surround-
ing fluvial landscape’s habitat values, the nature of mutual relationships and the primary factors affecting 
these relationships have been identified. A key finding is that in the vast majority of reaches the stream and 
floodplain status do not correspond. In areas where the riverbed displayed positive hydromorphological 
properties, the floodplain along the river exhibited more degraded values, and vice versa (Table 1). Improved 
stream status was usually detected in higher-lying areas on the upper stream, in hard-to-reach locations with 
greatly dissected topography. In these areas, the watercourse displayed values of the first and second degree 
from the evaluation scale of the HEM method, corresponding to very good or good hydromorphological sta-
tus within the overall ecological state as required by the Water Framework Directive. 

Table 1:  Floodplain ecological status and hydromorphological status of riverbeds in the three areas of the upper Stropnice River 
basin with different topographic characteristics and runoff conditions.

1According to biotope valuation method (Seják et al. 2003).
2According to HEM method (Langhammer 2013) and the approach according to Šindlar et al. (2008).

Low-lying areas with more developed fertile floodplains frequently contained degraded riverbeds whose state 
corresponded to the past intensity of use of the surrounding landscape (the unequal current statuses of the 
river and floodplain points to restoration actions that have taken place in some parts of the catchment). The 
most common cause of degradation of the river’s morphological status is its artificial straightening, unnatu-
ral incision against the surrounding terrain and mainly the banks and bottom fortifications which cause the 
watercourse permanently to lose contact with its surroundings. These interventions often result directly from 
intensive exploitation of the floodplain as a response to societal demand in the form of an increase in produc-
tion services of the landscape. In HEM evaluations, this stream status corresponds to category 3, “average 
condition”, while according to the Šindlar approach these sections are classified as “destroyed”, reaching a 
maximum 20% of optimal conditions. 
Regarding the ecological status of habitats (i.e. their biodiversity), the most common finding was Norway 
spruce (Picea abies [L.] Karst.) monocultures with low values in the upper part of the study catchment (the 
habitat value was less than 20% of its maximum possible value according to the biotope valuation meth-
od). Conversely, the most positively evaluated floodplain segments (meadows and wetlands close to natural 

Relief character 
(topography)

Stream  
(basin) area

Proportion of 
total stream 
length [%]

Landscape type Floodplain ecological 
status1

Riverbed status2

Highly dissected 
(mountainous 
area)

Upper 29.8 Forest, forest-agri-
cultural

Degraded, significantly 
influenced by humans 
(low species diversity 
and their rareness)

Very good, good

Less dissected 
(hilly area)

Middle 33.0 Forest-agricultu-
ral, agricultural, 
urban

Moderate, good (influen-
ced by humans, higher 
diversity)

Good, moderate, 
poor

Plain (lowland) Lower 37.2 Agricultural, 
urban

Moderate, good, very 
good (influenced by 
humans, higher diversity, 
rareness and naturalness 
of species)

Poor, destroyed
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conditions) occurred in the lower part of the watershed (up to 50% of the maximum possible value), which 
has recently undergone restoration actions during which there were significant changes in land use.

dISCuSSIon
These results suggest that impacts on the river and surrounding floodplain are highly variable and dependent 
on local conditions. Since the streams in the upper part of the Stropnice River catchment are not primarily 
perceived as landscape elements with significant potential for society (they are difficult to access without a 
wider floodplain), they remain at the margin of interest and consequently have a relatively good hydromor-
phological status. In the middle and lower part of the catchment, however, the surrounding floodplain has 
significant agricultural potential and the naturally meandering watercourse thus has become an inappropri-
ate landscape element greatly reducing land-use potential. The situation is different in terms of the flood-
plain’s ecological status, which shows anthropogenic influences along almost the entire river length. While 
the narrow floodplain in the rugged relief near the headwater area of the Stropnice River is degraded in terms 
of biodiversity by the presence of a uniform commercial forest, the wide floodplain in the catchment’s low-
land sections was intensively used as arable land until recently. In recent decades, the current states of the 
floodplain and river have nevertheless been positively affected by landscape restoration programs, which are 
mainly behind the current non-conforming statuses of the terrestrial and fluvial parts of the river landscape. 
It could be concluded that the validity of the hypothesis given in the introduction has not been confirmed in-
asmuch as the functioning of the relationship between the river and floodplain statuses has been improved by 
restoration projects conducted in the lower part of the watershed and only involving the terrestrial part of the 
river landscape and not the watercourse itself. Some important factors to consider are financial demands and 
the character of property relationships, which are very different for floodplain landscape restorations and for 
watercourse restorations.
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abStRaCt
The aim of our study was to determine whether the values of plant community diversity, the volume of wood, and 
the partial economic efficiency of plots left to spontaneous succession have yet reached similar values as those re-
corded on forestry reclaimed plots. Six forestry reclaimed plots and six plots with spontaneous succession were 
established at the Great Podkrušnohorská spoil heap and selected tree biometric characteristics were measured. 
Plots’ economic efficiency was calculated as the difference between the costs to level the spoil heap as well as es-
tablish and manage the forest reclamation and the theoretical profit from wood. The numbers of tree species, num-
bers of individuals, wood volume, and Simpson diversity index values did not differ significantly between plots 
with spontaneous succession and reclaimed plots. The economic efficiencies of both types of plots were too bur-
dened with high initial investments for levelling, which can theoretically be returned within 300 years for reclama-
tion plots and 180 years for succession plots. According to our results and those of some other authors, values for 
diversity and wood production are similar or higher on plots resulting from spontaneous succession in comparison 
to values on reclaimed plots. For this reason, both types of management should be used to establish a new suitable 
mosaic of ecosystems in the post-mining landscape.

IntRoduCtIon
Under Czech law, mining companies after mining must expend extremely high costs into restoring the natural 
landscape (Hendrychová 2008). However, such reclaimed ecosystems have not performed all necessary ecosystem 
functions for many years (Skaloš et al. 2014). Agricultural, forest, and water reclamations are used most frequently 
to restore destroyed landscapes. The form most widespread in the Sokolov area is forest reclamation due to its posi-
tive impacts on initial soil-forming processes (Filcheva et al. 2000). In recent years, however, another possibility 
for supporting biodiversity and ecosystem functioning has been emphasized: the use of spontaneous succession 
(Prach et al. 2011). Frouz et al. (2008) and Mudrák et al. (2010) investigated in the Sokolov area whether spontane-
ous succession can be successfully used to restore a destroyed area through the development of soil and vegetation. 
In addition, tree biomass stock on spontaneous succession plots has recorded similar amounts as was found for 
tree biomass on comparable forest reclamation plots (Dvorščík 2012). In contrast, Frouz et al. (2009) calculated a 
lower amount of carbon storage in above-ground woody biomass on succession plots than was found on reclaimed 
plots. The aim of our study was to determine whether the values of plant community diversity, tree volume, and the 
partial economic efficiency of plots left to spontaneous succession have reached similar values as those recorded on 
forestry reclaimed plots on the Great Podkrušnohorská spoil heap. 

mateRIalS and methodS
We conducted our measurements on the Great Podkrušnohorská spoil heap (50°13’52’’N, 12°38’29’’E), 
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located near the town of Sokolov. At this spoil heap, 12 permanent research plots (6 forestry reclaimed plots and 
6 plots with spontaneous succession) were established; 3 plots in mesophyllous habitats and 3 plots in wet habi-
tats for both reclaimed and succession plots. On each plot of 60 × 25 m, the total number of trees was counted. 
Plots with different management were compared statistically either in groups of three to compare habitats or 
groups of six to compare only reclaimed and succession plots. Parent trees were situated approximately 1 km 
away from succession plots. The following parameters were measured for each species: total height, diameter 
at breast height (DBH), and tree age measured using a Pressler’s borer. Selected parameters were measured for 
20 representative individuals (at least 10 individuals in the absence of 20 trees) of each species in young (1–15), 
middle-aged (16–30), and old (> 30) age classes. The number of trees in each class was selected according to 
their percentage representation on the plot. Stem volume (hereinafter wood volume) of selected species was cal-
culated based on stem DBH using allometric equations (Zianis et al. 2005) from the following countries: Acer 

pseudoplatanus L. and Quercus robur L. (DBH = 7–40 cm) from the Netherlands; Alnus glutinosa (L.) Geartn., 
Populus tremula L., Prunus avium L., Picea abies (L.) Karst. (DBH = 16–60 cm), Salix caprea L., and Sorbus au-

cuparia L. from Norway; Betula pendula Roth and Pinus sylvestris L. from Sweden; Q. robur (DBH = 1–7 cm) 
from Great Britain; Larix decidua Mill. from Belgium; and Picea abies (DBH = 2–15 cm) from Finland. The 
Simpson diversity index for the tree layer was computed for each plot from the formula D = 1 – Σ (pi2), where 
pi is the relative proportion of i-th species. All results were analysed using the non-parametric Kruskal–Wallis 
ANOVA. The test criterion, level of significance, and number of samples are shown for each tested parameter 
(degrees of freedom = 1). Means of the measured parameters, weighted by age class representation, were re-
ported for each species. Plots’ economic efficiency was calculated as the difference between costs to level the 
spoil heap as well as to establish and manage the forest reclamation and the theoretical profit from firewood. 
The cost of spoil heap levelling was calculated from reclamation plans and the cost of forest reclamation from the 
materials of Sokolovská uhelná (2008). We considered a regular clip of 0.6 × 0.6 m between saplings according 
to Leitgeb (2005). Wood volume was calculated using allometric equations (Zianis et al. 2005) and wood price 
was evaluated as the cost of firewood in the Sokolov area in 2013. 

ReSultS
The species Quercus robur and Acer pseudoplatanus occurred on the mesophyllous reclaimed plots and Betula 

pendula dominated on all mesophyllous succession plots. Alnus glutinosa dominated on wet reclaimed plots 
while Betula pendula and Alnus glutinosa dominated on those wet plots with spontaneous succession. The num-
bers of tree species (H = 0.03, p = 0.869, N = 12) and individuals (H = 0.54, p = 0.462, N = 63), values of the 
Simpson diversity index (H =1.64, p = 0.200, N = 12), and wood volume values (H = 0.08, p = 0.783, N = 63) did 
not differ significantly between reclaimed plots and plots with spontaneous succession (Table 1). Higher wood 
volume values were determined on wet plots than were found on mesophyllous plots but this different was not 
significant (H = 0.36, p = 0.552, N = 63). Higher mean values of wood volume and theoretical profit from the 
sale of wood were found on plots with mesophyllous spontaneous succession compared to those on mesophyl-
lous reclaimed plots but this difference was slightly outside the range of significance (H = 0.22, p = 0.641, N = 
35). On wet reclaimed plots, higher mean values of wood volume and theoretical profit from the sale of wood 
were determined compared to those on wet succession plots but this difference was not significant (H = 0.02, p 
= 0.889, N = 28). From an economic perspective, however, both types of plots on the spoil heap were burdened 
with high initial investments. Theoretically, the time before invested funds can be returned is 300 years on rec-
lamation plots and 180 years on succession plots, assuming that the time required for firewood rotation is only 
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30 years. For this reason, economic efficiency results were negative (Table 2). Costs for forest reclamation were 
more than twice as much as were costs for holding the area to spontaneous succession. 

Table 1:  Summary of measured data (mean ± standard deviation) from studied plots; mean values were weighted by distribut-
ing trees into three age classes. 

Abbreviation of plots: R: reclaimed, S: succession, m: mesophyllous, w: wet; DS: dominant species with at least 25% of occur-
rence on the plot; SS: subdominant species with at least 10% of occurrence on the plot; WV: wood volume; Nind: number of indi-
viduals on the plot; Nsp: number of species on the plot; D: Simpson diversity index. Abbreviation of dominant and subdominant 
plants: AG: Alnus glutinosa, AP: Acer pseudoplatanus, BP: Betula pendula, PA: Picea abies, PS: Pinus sylvestris, PT: Populus 
tremula, QR: Quercus robur, SC: Salix caprea.

Table 2: Mean economic efficiency results from reclaimed and spontaneous plots with mesophyllous and wet site conditions. 

Heap lev.: levelling of substrate and treatment of spoil heap, forest rec.: forest reclamation, WV: wood volume.  

dISCuSSIon
The main reasons for higher wood volume values on the wet plots were probably different site conditions, tree spe-
cies compositions, and tree ages. This corresponds with the results of Frouz et al. (2009), who ascertained higher 

Plots DS SS Height Diameter Age WV Nind Nsp D

   m cm years m3 ha−1 per ha per ha

Rm1 AP QR 7.0 ± 1.42 16.1 ± 3.73 16.8 ± 4.39 35.9 847 5 0.40

Rm2 QR AP 5.0 ± 1.46 9.1 ±3.05 21.0 ± 2.29 68.0 1,213 7 0.45

Rm3 QR BP, PS 4.9 ± 1.42 9.0 ±2.93 23.6 ± 2.28 34.0 1,047 8 0.55

Sm1 BP,PS PA 9.0 ± 0.73 25.5 ± 1.33 25.5 ± 1.33 86.4 220 5 0.72

Sm2 BP,SC  6.6 ± 1.65 14.3 ± 3.41 26.1 ± 5.00 42.4 713 6 0.46

Sm3 BP  5.8 ± 0.83 9.6 ± 2.55 22.9 ± 2.98 25.4 1,280 5 0.11

Rw4 AG  4.8 ± 1.56 7.7 ± 1.56 17.4 ± 2.43 147.8 1,007 3 0.08

Rw5 AG  5.4 ± 1.30 10.8 ± 3.73 25.5 ± 2.15 132.8 840 3 0.05

Rw6 AG BP 6.6 ± 1.70 8.6 ± 2.42 19.7 ± 3.75 146.4 1,300 7 0.58

Sw4 AG BP 6.9 ± 2.50 11.1 ± 4.58 19.7 ± 3.82 219.8 1,107 3 0.17

Sw5 BP PT, SC 5.9 ± 2.03 12.0 ± 4.45 24.8 ± 3.65 40.0 700 7 0.68

Sw6 BP PT 6.5 ± 1.94 11.6 ± 4.42 24.8 ± 4.94 44.2 387 7 0.58

Plots N Costs Benefits Costs − Benefits

heap lev. forest rec. WV WV
EUR

EUR EUR m3 ha−1 EUR ha−1

R-mesophyllous 3 16,643 18,564 46.3 1,734 −33,473

S-mesophyllous 3 16,643 0 51.4 1,927 −14,715

R-wet 3 16,643 18,564 144.8 5,428 −29,779

S-wet 3 16,643 0 101.3 3,797 −12,845

R-all 6 16,643 18,564 95.5 3,581 −31,626

S-all 6 16,643 0 76.4 2,862 −13,780
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biomass on plots with Alnus glutinosa compared to plots with Quercus robur. The species Quercus robur and Acer 

pseudoplatanus dominated on mesophyllous reclaimed plots, but they grew more slowly than did Alnus glutionsa 
on wet reclaimed plots. Due to its nitrogen fixation ability, Alnus glutinosa was able quickly to accumulate C and 
N in the soil profile within 15 years of reclamation (Mudrák et al. 2010), but this ability decreased in 25-year-old 
and older reclaimed sites (Šourková et al. 2005). Irregular distances between trees and a higher range of tree ages 
on our mesophyllous plots with spontaneous succession might have resulted in rapid tree growth and caused the 
slightly higher wood volume compared to mesophyllous reclaimed plots. The slightly higher number of trees and 
different tree species composition on wet reclaimed plots probably led to the not significantly higher wood volume 
compared to that found on mesophyllous reclaimed plots. Values for number of tree species and wood volume were 
similar on mesophyllous and wet succession plots because Betula pendula occurred on all succession plots due to 
the wide range of environmental conditions (Prach & Pyšek 2001). Reclaimed and spontaneous succession plots 
displayed similar wood volume values. In addition, Dvorščík (2012) observed similar values for woody biomass of 
Alnus glutinosa stands on reclaimed plots and for biomass of Salix caprea stands on spontaneous succession plots. 
We encountered problems in some cases in precisely distinguishing planted trees on spontaneous succession plots 
and leaving pioneer trees without thinning on reclaimed plots. 
Based on our results and the opinions of some other authors, it is advisable to increase diversity and wood pro-
duction using spontaneous succession to restore disturbed landscapes (Prach & Pyšek 2001, Mudrák et al. 
2010). Because we did not observe statistically significant differences in total height, breast height diameter, or 
tree age between reclaimed and succession plots, we propose, together with Prach & Pyšek (2001), that spon-
taneous succession should be used as an inexpensive alternative to forestry reclamation. However, both types of 
management, supposed as “controlled revegetation”, should be used to create a suitable mosaic of ecosystems 
in the emerging landscape.
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abStRaCt
Assessments of carbon and economic efficiencies, completed by an environmental load computation using 
the Life Cycle Assessment (LCA) method, could be a useful tool for assessing sustainable forest manage-
ment (e.g. Berg & Lindholm 2005, Michelsen et al. 2008). The purpose of this study was to compare forest-
ry operations focused on manually operated (chainsaw) and fully mechanized (harvester) felling in Norway 
spruce monocultures and mixed forests within the Novohradské Mts. (Czech Republic) using the methods of 
carbon efficiency (including LCA) and economic efficiency. In general terms, these methods consist of com-
paring quantified human inputs (e.g. fossil fuels, electricity, used machinery, and fertilizers, converted into 
emission units of carbon in t C in CO2 equivalent or EUR) with quantified ecosystem outputs (biomass pro-
duction in t C or EUR). Forest operations were modelled for one rotation period. The results showed the main 
differences in carbon emissions and carbon efficiency related to forest operations with different types of fell-
ing. In contrast, the economic efficiency results did not differ much with different types of felling. Differences 
between Norway spruce monocultures and mixed forests using the same type of felling were relatively small 
for carbon efficiency but large for economic efficiency (Norway spruce monocultures recorded higher eco-
nomic efficiency).

IntRoduCtIon
In 2012, the total area of forest in the Czech Republic was almost 2.7 million ha (33.8% of total land area) 
(Czech Statistical Office 2013). Total forest land area is 73.2% covered by coniferous forests (51.4% of for-
est land area by Norway spruce), 25.6% by broadleaf forests, and 1.2% by unstocked area, compared to the 
natural composition of forest land area consisting of 34.7% coniferous forests and 65.3% broadleaf forests 
(Ministry of Agriculture 2012). Norway spruce stands at medium and lower altitudes in the Czech Republic 
could become more fragile as a result of climate change (Jandl et al. 2007). In the Czech Republic, the pro-
portion of total felling of timber products conducted by harvester increased from 9% in 2002 to 35% in 2011 
(Ministry of Agriculture 2011).
The purpose of this study was to compare forestry operations focused on manually operated (chainsaw) 
and fully mechanized (harvester) felling in Norway spruce monocultures and mixed forests within the 
Novohradské Mts. by studying carbon efficiency (including Life Cycle Assessment, LCA) and economic 
efficiency.

mateRIalS and methodS
The research area, the upper part of the Stropnice River watershed, is situated in the Novohradské Mts. 
(Czech Republic). The total research area covers approximately 99 km2 and the total forest area approxi-
mately 49 km2. With similar forest stands based on similar soil conditions and elevations (Forest Stand 
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Management Type No. 55 – “high and fertile forest stands”), forest operations with chainsaw and harvester 
felling in forest stands with different tree species compositions were compared: i) Alternative 1 – Norway 
spruce monocultures (100% spruce), ii) Alternative 2 – an existing mixed composition of primary tree species 
(75% spruce, 8% pine, 8% fir, 9% beech), and iii) Alternative 3 – a mixed composition of primary tree species 
corresponding to potential vegetation under expected climate conditions (spruce 40%, fir 20%, beech 40%) 
(Cienciala et al. 2011). Forest operations were modelled for one rotation period and were divided into the fol-
lowing stages: seedling production, silviculture, final felling, and timber transport. The average yield class 
of the tree species was recorded based on forest data from a forest management plan with a “bottom-up ap-
proach” (1 for fir, 2 for Norway spruce, and 3 for pine and beech). In general, yield class for tree species is in-
dicated in an interval from 1 (the best) to 9 (the worst). In our study, abiotic and biotic disturbances were not 
included in the calculation of carbon and economic efficiencies due to not having available all data required. 
As applied to forest stands, the carbon and economic efficiency methods consist of comparing quantified hu-
man inputs (human activity, fossil fuels, electricity, used machinery, fertilizers, pesticides) with quantified 
ecosystem outputs (wood production). To compare sustainable management, key indicators of carbon and 
economic efficiencies (ratio outputs in t C produced t−1 emitted C in CO2 equivalent [CO2e]; economic bene-
fit/economic costs in %) were used. To quantify C emissions, the LCA method was used within SimaPro soft-
ware (PRé Consultants, the Netherlands). The functional unit to which all data collected were related was  
1 m3 of harvested timber. The average distance for timber transport was considered to be 70 km (standard for 
the Czech Republic).

ReSultS
Carbon efficiencies (ecosystem outputs − human inputs in t C) were positive for all tree species alternatives. 
The highest carbon efficiency was recorded for mixed forests (338–385 t C ha−1 with chainsaw felling and 
333–381 t C ha−1 with harvester felling), whereas the lowest carbon efficiency was recorded in Norway spruce 
monocultures (332 t C ha−1 with chainsaw felling and 328 t C ha−1 with harvester felling).

Fig. 1:  Carbon emissions of forest operations with different types of felling in Norway spruce (NS) monocultures and mixed 
forests.
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Carbon emissions per 1 m3 from timber harvesting were lower for all tree species alternatives using chainsaw 
felling than they were for those using harvester felling. Differences between Norway spruce monocultures 
and mixed forests using the same type of felling were very small. Of the total carbon emissions, silviculture 
(27–31%) and timber transport (47%) accounted for the most carbon emissions for all tree species alterna-
tives using chainsaw felling, while final felling (32–43%) and timber transport (29–34%) were highest for 
harvester felling (Fig. 1). 
Combining two different indicators (carbon and economic efficiencies) is necessary to obtain a more com-
prehensive comparison (Fig. 2). With similar forest stands based on similar soil conditions and elevations 
(Forest Stand Management Type No. 55), the main differences in carbon efficiency related to forest opera-
tions with different types of felling. For all tree species alternatives, higher carbon efficiency (45.6–47.3 t C 
wood production t−1 C CO2e.) was identified in forest operations with chainsaw felling, while lower efficiency 
was found with harvester felling (28.2–34.8 t C wood production t−1 C CO2e). In contrast, the economic effi-
ciency results did not differ much with different types of felling. 
For both types of felling, the lowest carbon efficiencies were achieved in Norway spruce monocultures (45.6 t C 
wood production t−1 C CO2e for chainsaw felling and 28.2 t C wood production t−1 C CO2e for harvester felling), 
whereas mixed forest alternatives had higher carbon efficiencies (46.0–47.3 t C wood production t−1 C CO2e and 
29.6–34.8 t C wood production t−1 C CO2e). In contrast to economic efficiency, large differences between Norway 
spruce monocultures and mixed forests using the same type of felling were accounted. Higher economic efficiency 
was achieved in Norway spruce monocultures (167% and 170%) and lower in mixed forests (78–130%).

Fig. 2:  Comparison of carbon and economic efficiencies of forest operations with different types of felling and forest stands with 
Norway spruce (NS) monoculture and mixed forests .

dISCuSSIon
Our results show that total emission of carbon from forest operations for Norway spruce monocultures and 
mixed forests stands varies between 6.6 and 6.8 kg C CO2e m−3 timber for chainsaw felling and between 9.2 
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and 10.7 kg C CO2e m−3 timber for harvester felling. Berg & Lindholm (2005) reported higher carbon emis-
sions in Sweden (from 12.5 to 17.1 kg C CO2e m−3 timber) and Michelsen et al. (2008) published higher car-
bon emissions in Norway (25 kg C CO2e m−3). In these studies, the largest carbon emissions were caused 
by timber transport and logging, which is in accordance with our results. Our study identified lower carbon 
emissions from final chainsaw felling (1.1–1.2 kg C CO2e m−3) and higher carbon emission from final harvest-
er felling (3.0–4.5 kg C CO2e m−3). These differences between different types of felling have been confirmed 
by such authors as Schwaiger & Zimmer (2001). 
In general, coniferous forests comprise the most widespread forest area in the Czech Republic (73.2% of to-
tal forest area, while 51.4% of total forest area is formed of Norway spruce). The natural composition of for-
ests consists of 34.7% coniferous forest and 65.3% broadleaf forest (Ministry of Agriculture 2012). Forests 
in Central Europe are particularly sensitive to climate change. The most important effects of climate change 
will probably be mediated through changes in disturbances (storms, insects, pathogens). Moreover, longer 
and warmer vegetation periods will especially enhance the development of bark beetles (Lindner et al. 2010). 
Jandl et al. (2007) concluded that mixtures of beech and Norway spruce are a better forest management op-
tion than pure Norway spruce stands. Species occupying different ecological niches can complement each 
other. For a forest’s productivity over its entire rotation period, stability against disturbances is important. In 
contrast, our results showed that changing tree species composition from Norway spruce monocultures to 
mixed forests could have a negative impact on economic efficiency. In our case, Norway spruce monocultures 
showed higher economic efficiency than was found in mixed forests stands, while mixed forests had higher 
carbon efficiency than did Norway spruce monoculture stands.
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abStRaCt
The aim of our contribution is to analyse the influence of land cover changes and landscape fragmentation in 
two small catchments (Všeminka, Fryštácký potok) within the forest–agricultural landscape of eastern Moravia 
(Czech Republic) on the carbon sequestration ecosystem service. Fragmentation was analysed using landscape-
ecological indices within ArcGIS 10.x software using the Patch Analyst extension. Data about the carbon seques-
tration ecosystem service were processed in the InVEST model. In the Všeminka catchment, carbon sequestra-
tion increased over the entire period of observation of 1953–2012. In the Fryštácký potok catchment, carbon se-
questration decreased from 1950 to 2005, but increased from 2005 to 2012. The changes in fragmentation were 
not significant between 1953 and 2012, and so changes in carbon sequestration were caused mostly by land cover 
changes. The relationships among land cover change, fragmentation, and carbon sequestration from 1953 to 2012 
are discussed.

IntRoduCtIon
Ecosystem services (ES) are the benefits humans receive from ecosystems either directly or indirectly. Over the 
past 50 years, rapid and extensive environmental changes in land cover (LC), climate, and the atmosphere have 
resulted in substantial losses or degradation of ES, while demand for them has increased (Millennium Ecosystem 
Assessment 2005). One of the most important ES endangered by human activities is carbon sequestration.
Landscape fragmentation is a process by which biotopes become smaller, more numerous, and more isolated from 
each other. When fragmentation level decreases the territories of key species substantially below the subsistence 
area, biodiversity decline can be apparent because it disrupts the entire food web (Porensky & Young 2013).  
In addition, many organisms may be endangered by the construction of new transport infrastructure and 
massive increases in traffic. Changes in the landscape matrix are most apparent within the road-effect zone, 
which ranges about 20–300 m from roads and sometimes up to several hundred metres (Saunders et al. 
2002). Roads have also altered the following physical characteristics of the environment: soil density, tem-
perature, soil water content, light, dust, surface water flow, runoff pattern, and sedimentation (Trombulak & 
Frissell 2000). Photosynthesis, respiration, and transpiration may be affected by air pollution, especially by 
dust (Farmer 1993). This may all result in reduced ecosystem function and related ES provision (Frank et al. 
2012).
The aim of our contribution is to analyse the influence of LC changes and landscape fragmentation in two small 
catchments (Všeminka, Fryštácký potok) within the forest–agricultural landscape of East Moravia (Czech 
Republic) on the carbon sequestration ES. We suppose that not only LC change can decrease provision of the 
carbon sequestration ES, but also fragmentation of close-to-natural and cultural landscapes.
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mateRIalS and methodS
LC categories and a set of indices describing structure changes and landscape fragmentation rate were ana-
lysed from aerial photographs from 1953, 2005 and 2012 at the scale of 1:10,000. Our LC categories were 
transformed into CORINE LC categories so as to improve the results’ comparability. In addition, LC was ver-
ified from aerial photographs (in 2005 and in 2012 based on field research). We used ArcGIS 10.x software 
with the Patch Analyst extension to calculate: i) edge length and density, ii) patch size changes, iii) patch area 
to perimeter ratio, and iv) changes in fractal dimension (McGarigal et al. 2002). Based on records from the 
national traffic census in 2010, transportation intensity and the ratio of road width to the width of the dis-
turbed habitat zone were taken into account (Müller & Berthould 1997). The effect of changes in LC, frag-
mentation, and disturbed habitat zone area on carbon sequestration for each period was determined. For this 
purpose, the InVEST model was adapted and sequestration indices and transient zone estimations were as-
signed in a vector space based on the road-effect zone (Biglin & Dupigny-Giroux 2006). Changes in carbon 
storage were calculated from four carbon stocks, namely carbon storage in: i) above-ground biomass, ii) be-
low-ground biomass, iii) soil, and iv) dead organic matter.

ReSultS
In the Všeminka catchment, the LC categories pastures and discontinuous urban fabric increased distinctly 
at the expense of non-irrigated arable land, with the latter category increasing also at the expense of pastures 
over the entire studied period of 1953 to 2012. In the second studied catchment of Fryštácký potok, pastures 
and discontinuous urban fabric also increased distinctly but almost exclusively at the expense of non-irrigat-
ed arable land (Table 1).
In terms of ecological stability, three coefficients were evaluated for landscape fragmentation and patch shape and 
one coefficient for landscape quality. According to the indices MPAR (mean perimeter area ratio), ED (edge den-
sity), and number of patches per hectare, the fragmentation of all LC categories increased in the Všeminka catch-
ment from 1953 to 2005. During the second period of 2005–2012, the fragmentation of the categories forests and 
discontinuous urban fabric continued to increase, but in contrast fragmentation of transitional woodland shrub 
decreased. In the Fryštácký potok catchment, according to the aforementioned indices the fragmentation of all cat-
egories except for non-irrigated arable land increased in the first period of 1953 to 2005. The fragmentation of for-
ests, discontinuous urban fabric, and transitional woodland shrub decreased from 2005 to 2012 (Table 2).
Shannon’s evenness index, indicating the evenness of LC polygons in the landscape, decreased from 1953 to 
2012. In the Fryštácký potok catchment, Shannon’s evenness index remained unchanged. 
Total carbon storage in the Všeminka catchment increased by 275.65 Mg km−2 from 1953 to 2005 and by 
289.82 Mg km−2 from 2005 to 2012. In the Fryštácký potok catchment, carbon storage decreased by 67.94 Mg 
km−2 from 1953 to 2005 but in contrast increased by 22.52 Mg km−2 from 2005 to 2012. The biggest changes 
in carbon storage in the Všeminka watershed were recorded in the categories non-irrigated arable land and 
discontinuous urban fabric. In the Fryštácký potok watershed, the biggest changes were found in the catego-
ries transitional woodland shrub and discontinuous urban fabric (Table 1).
Landscape fragmentation due to the establishment of new roads and resulting vehicle traffic was influ-
enced in following way. Carbon storage decreased in the Všeminka watershed due to the road-effect zone 
by 1.88 Mg km−2 from 1953 to 2005 and by a further 2.44 Mg km−2 from 2005 to 2012. Carbon storage in the 
Fryštácký potok watershed was less affected, increasing by 1.13 Mg km−2 from 1953 to 2005 and by 1.58 Mg 
km−2 from 2005 to 2012.
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 dISCuSSIon
One of the most important problems of our recent landscape is LC changing towards less natural habitats, 
connected with landscape fragmentation (Hofman et al. 2012). In our contribution, we wanted to estimate 
the role of fragmentation in providing the important ES of carbon sequestration on a landscape scale in two 
small watersheds (Všeminka, Fryštácký potok) distinguished in agricultural management intensity. The 
Všeminka watershed is a less-favoured area while the Fryštácký potok watershed is not. This could be one 
reason for the greater LC changes, including landscape fragmentation, in the Všeminka watershed compared 
to the more conservative agricultural watershed of Fryštácký potok. Perhaps as a consequence, a higher neg-
ative influence on carbon sequestration from the road-effect zone was detected in the Všeminka watershed.
In small watersheds, roads are a major factor in landscape fragmentation. They have unique impacts on the 
surrounding landscape matrix thanks to their persistence through time (Baker & Dillon 2000). From an his-
torical point of view, the relatively high fragmentation of the cultural landscape in the Czech Republic de-
creased after 1948 due to fields being consolidated. Since 1990, the fragmentation of all types of LC has been 
gradually increasing.
In conclusion, it must be admitted we did not confirm our hypothesis that fragmentation can significantly 
contribute to LC changes in decreasing of carbon sequestration in small watersheds. This result will lead us 
to test this hypothesis in a broader area with more variable LC categories.
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abStRaCt
The benefits provided by urban nature have a substantial capacity to enhance human well-being. We quantify these 
benefits in the city of Kladno through the concept of ecosystem services by combining a value transfer method with 
surveys on citizen satisfaction and ecosystem services recognition. The results provide biophysical values of car-
bon sequestration and run-off and reveal stronger perception of benefits and higher preferences among citizens 
of Kladno for recreational services. Therefore, recreation is more suitable as a flagship service to encourage public 
participation than are such expert indicators as tonnes of carbon sequestered and increased run-off.

IntRoduCtIon 
The benefits provided by public blue and green spaces in cities are recognized as having a substantial capacity to 
enhance human well-being (e.g. Bolund & Hunhammar 1999). On the other hand, their role is rarely fully recog-
nized and pressures on green resources continue to increase (Millennium Ecosystem Assessment 2005, European 
Environment Agency 2013). This trend might be moderated or reversed by quantifying the benefits which make 
the value of natural spaces in cities distinct. Our study aims to introduce an example of indicators applicable to such 
quantification. The results of the assessment were combined with results from surveys on citizen’s perceptions of 
the benefits provided by urban nature and satisfaction with their quality of life. This enabled us to reflect on the hy-
pothesis that comprehension of ecosystem services (ESs) differs between experts and the public. 

mateRIalS and methodS
For the purpose of this paper, we present Kladno as a case study. Kladno is located in the Central Bohemian 
Region, covers about 37 km2, and has a population of about 70,000 inhabitants. The city is situated at al-
titudes from 190 to 500 m a.s.l. The region is located within two climatic regions: moderately warm (unit 
MT11) and warm (unit T2) (Quitt 1971). 
Mapping urban nature and ES assessment

To map urban green areas, the current Spatial Plan of Kladno (from 2012) was used. To estimate ES values, the value 
transfer method was applied (for more details see e.g. Liu et al. 2010, Frélichová et al. 2014). The present study fo-
cused on two particular regulating services: climate regulation indicated by tonnes of carbon sequestered (tC ha−1 yr−1) 
and water cycle regulation in terms of run-off level (mm−1 yr−1). We selected these two services as flagship ESs due to 
their ability to refer to heat waves and floods, key environmental issues in urban ecosystems related to climate change. 
Mean carbon sequestration values were calculated based on transferred values from relevant studies (e.g. Davies et 
al. 2011, Strohbach & Haase 2012). To estimate approximate run-off rate in Kladno, we applied altered values from 
Haase (2009). In particular, values were customized to regional conditions through recalculation based on long-term 
mean precipitation (for 1961–1990) provided by the Czech Hydrometeorological Institute (www.chmi.cz). 
Survey

Benefit recognition by inhabitants was tested by interviewer-administrated questionnaires in July–August 
2014. The dataset provided a representative sample of adults in the city (according to such basic population 
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characteristics as age and sex). The survey was designed to determine citizens’ satisfaction with the local com-
munity (one of the European Common Indicators) as well as their perceptions of the benefits provided by urban 
nature. A total of 501 questionnaires were completed. Additional information originated from a survey on peo-
ple’s attitudes towards urban agriculture. Urban agriculture includes agricultural activities producing food and 
material within and around cities. It can provide an important contribution to sustainable, resilient urban devel-
opment and multifunctional urban landscapes. As a specific type of green infrastructure in the city, it provides 
diverse ecosystem services (COST Action Urban Agriculture Europe, http://www.urbanagricultureeurope.
la.rwth-aachen.de/). A total of 101 self-administrated online questionnaires (a representative sample of adults 
in the city) were completed in October 2014.

ReSultS
Climate regulation

Climate regulation services can help to reduce urban heat-island effects, mitigate climate change to some ex-
tent, and decrease air pollution (Larondelle & Haase 2013). Carbon sequestration based on land use was cal-
culated and mapped (Fig. 1). It ranged between 0 and 30 tC ha−1 yr−1 with mean carbon sequestration across 
the city of 11.5 tC ha−1 yr−1 This level of carbon sequestration is comparable with mean carbon sequestration 
in such cites as Leipzig, Germany (12 tC ha−1 yr−1) and Chicago, USA (14 tC ha−1 yr−1) (Larondelle & Haase 
2013). The heterogeneity of urban carbon storage is given by the different capacities of various land use cat-
egories to store carbon. In addition, carbon sequestration in Kladno displayed spatial differentiation along an 
urban-rural gradient, increasing with decreasing urbanization levels.

Fig. 1: Mean above-ground carbon sequestration in Kladno.

Water retention

Built-up land has a considerable influence on water regime. In contrast to natural conditions, paved surfaces 
prevent water infiltration, provide an alternate rate of evapotranspiration, and impair ground-water recharge 
(Haase 2009). With mean annual precipitation in Kladno of about 590 mm, increases in direct run-off have 
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been estimated as 10–440 mm year−1 (depending on land use category) compared to bare soil, for which run-
off is considered to be 0 mm year−1. The highest increase in run-off values for industrial and commercial land 
is equal to almost 75% of total annual precipitation. 
Survey Results

The overall satisfaction of citizens living in Kladno was described by the headline indicator “Average sat-
isfaction with the local community”. When comparing indicator values between 2008 and 2014, citizens 
of Kladno are less satisfied in 2014 than they used to be (Table 1). In contrast, the single feature indicator 
“Satisfaction with the environment” displayed a higher value for the more recent survey.

Table 1: Overview of citizen satisfaction indicators. 

* level of citizen satisfaction in general and in regard to specific features in the municipality,  
** on a scale of 0 to 10 where 0 is the lowest satisfaction and 10 the highest.

Given the continual decline in built-up areas during 2001–2014 (Czech Statistical Office 2015), one 
might explain the stated higher satisfaction with the environment as due to positive changes in area cov-
ered by urban nature. In addition, investments in public greenery were approximately 15–20% higher 
during 2010–2011 (Ministry of Finance 2015a, 2015b). Based on discussion with city representatives 
(Mrs. Houdková and Mr. Víta, personal communication, February 2015), however, it appears the area 
has not been enlarged distinctly over 2008–2014. In fact, the Public Database (Czech Statistical Office 
2015) shows a decrease in some types of green areas during these years. Additionally, management of 
urban nature has not noticeably improved (Mrs. Houdková, personal communication, February 2015). 
Therefore, the reason for higher satisfaction with the environment remains an open question and pos-
sible influences from other factors (e.g. air quality) need to be considered. The results of the survey fur-
ther show that the majority of respondents (almost 82%) believe that the natural environment in the city 
improves their quality of life. The most strongly perceived benefits provided by urban nature were cul-
tural (especially recreational) services (88% of responses). Regulating services were identified by 53% 
of respondents and provisioning services by 3%. Similarly, for benefits attributed to urban agricultural 
areas, the most common response was cultural services (48% of responses), followed by regulating ser-
vices (27%) and provisioning services (22%). Furthermore, respondents were asked to evaluate the im-
portance of each service. Evaluation was based on a 5-point scale where 1 stood for the most important 
service and 5 for the least important service. The climate-regulation related services perceived as impor-
tant were cooling effect (mean of 2.1) and positive moisture regulation (2.3). In contrast, regulation of 
climate change impacts received a neutral importance score (3.2). Water cycle regulation also seemed to 
be a nearly neutrally important service (2.8). This might be related to an absence of watercourses in the 
city and therefore limited risk of floods. 

2008 2014

Satisfied Dissatisfied Satisfied Dissatisfied

Citizen satisfaction 
indicator* [%] 74.3 25.7 72.9 27.1

Satisfaction with the 
environment** 5.9 6.2

Built-up areas [ha] 448.92 442.10 (2013)
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dISCuSSIon
This study combined a quantitative assessment of selected ESs with surveys. The results reveal preferences 
among direct consumers of these benefits. From a methodological point of view, this exercise introduces a 
guideline for combining two analytical approaches and may alternatively be used for other ESs or other cit-
ies. The level of mean carbon sequestration is comparable to some other cities, but the spatial differentiation 
along the urban-rural gradient might cause a negative effect on residents’ comfort in terms of temperature 
and moisture. The core of the city where the population is concentrated (based on the distribution of urban-
ized land use categories) also contains higher demand for services. Similarly, it was demonstrated that ur-
banization importantly modifies run-off levels. To increase the city’s resilience, we recommend increasing the 
proportion of urban nature areas in Kladno and improving their current distribution across the city. We have 
presented carbon sequestration and regulation of run-off as flagship services because of their key position in 
relation to cities’ vulnerability to climate change. Based on the results of the survey, however, they are only 
partly perceived as key services, particularly in the case of (micro)climate regulation. Stronger perception of 
benefits and higher preferences were revealed among Kladno citizens for cultural services (recreation). This 
outcome confirms the existence of knowledge-based differences between experts and the public and empha-
sizes the significance of the assessment’s purpose. When it comes to participatory urban planning, citizens 
would probably be more sensitive to indicators directly related to the recreational potential of urban nature 
and other cultural services. Therefore, recreation is more suitable as a flagship service to encourage public 
participation than are such expert indicators as tonnes of carbon sequestered and increased run-off.
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abStRaCt
Precise forecasting of electric energy consumption is of great importance for the electric power industry. 
It helps system operators optimally schedule and control power systems, and even slight improvements 
in prediction accuracy might yield large savings or profits. For these reasons, many forecasting models 
based on various principles have been developed and studied. Because of energy consumption’s strong 
dependence on weather conditions, such models often utilize outputs from numerical weather prediction 
models. 
In this study, we present and analyse a statistical model for forecasting hourly electrical energy consump-
tion by customers of E.ON Energie, a.s. in two regions of the Czech Republic. The aim of this model is to 
create hourly predictions up to several days in advance. The model uses hourly data of consumed energy 
from 2011–2014 and corresponding predictions of temperature and cloudiness provided by the ALADIN/
CZ model. The statistical model is based on a regression analysis applied to appropriate data samples and 
supplemented by several optional post-processing methods. Specifically, we use a robust linear regression 
algorithm to identify energy consumption’s dependence on temperature, the meteorological variable with 
the largest influence on consumption. Our post-processing methods focused on removing prediction bias 
resulting from economic situations (represented by the goss domestic product, GDP) and sudden temper-
ature changes.
We analysed the presented model from the point of view of the hourly predictions’ accuracy for 2013 and 
2014. Accuracy was primarily measured by mean absolute error. It was evaluated for individual months, and 
the effects of individual parts of the model on accuracy value are shown.

IntRoduCtIon
Electric energy consumption forecasting is very important so that energy system operators can optimally bal-
ance produced and consumed energy (Cancelo et al. 2008). Therefore, there are many forecasting models for 
various situations using various methods (Tso & Yau 2007, Hahn et al. 2009). In this paper, we present and 
evaluate a statistical model for hourly forecasting electrical energy supplied by E.ON Energie, a.s. in two re-
gions of the Czech Republic: South Bohemia and South Moravia.
The model focuses on reflecting daily, weekly, and yearly consumption cycles as well as utilizing two weather 
characteristics: air temperature and cloudiness. Air temperature is the main factor influencing consumption 
through which prediction accuracy can be substantially improved (De Felice et al. 2013). To calculate pre-
dictions, we used a selection of appropriate data samples with regression analysis. We also used two post-
processing procedures. Prediction accuracy was evaluated using mean absolute error for individual months 
during July 2013–June 2014. To show the benefit of using temperature, a variant of the model not including 
temperature was also evaluated.
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Fig. 1:  Energy consumption in South Moravia. Values strongly affected by holidays are omitted. (A) Mean hourly energy con-
sumption for individual hours and days. (B) Dependence of energy consumption on predicted air temperature. Values 
shown are from Tuesdays, Wednesdays, and Thursdays at 01:00 and 13:00. Dashed lines show minima of smoothed 
dependence.

mateRIalS and methodS
The model is based on hourly data energy consumption in the South Bohemian and South Moravian regions 
during February 2011–June 2014. Each value is the sum of consumption for 1 h denoted by the end time (e.g. 
the sum of consumption from 12:00 to 13:00 is denoted as 13:00). Corresponding data of predicted tem-
perature and cloudiness was provided in an analogous form by the ALADIN/CZ model (Farda et al. 2010). 
Instead of sums, however, these data represent hourly and spatial means. Predictions were provided each day 
at 00:00 for the following several days. To create, calibrate, and evaluate the model in this study, we used pre-
dictions up to 24 h ahead. Cloudiness values fall within the range 0–1, representing the proportion of the sky 
covered by clouds.
Prior to creating the forecasting model, it was necessary to identify those factors having a substantial influ-
ence on energy consumption. There are two main types: socio-economic factors and weather factors. The first 
group includes such factors as the state of the economy and employment as well as the population’s personal 
habits. As a result of these factors, daily, weekly, and yearly cycles can be observed in energy consumption. 
Daily and weekly cycles are illustrated in Fig. 1A. Within a single day, mainly a rapid increase in the morning 
and decrease in the evening is apparent. Naturally, there was also a large difference between consumption on 
weekdays and weekends. Even weekdays are not all equivalent, as considerably different consumption be-
haviour was recorded on Mondays and Fridays than was found on Tuesdays, Wednesdays, and Thursdays.
The weather factor with the largest influence on consumption is temperature. The temperature–consump-
tion curve has a typical U-shape (see Fig. 1B), with a minimum temperature known as the comfort tempera-
ture (Ortiz Beviá et al. 2014). This temperature differs for daytime and night-time hours. Another important 
weather factor is cloudiness, which affects the need for artificial light, but its effect on consumption is rather 
mild.
We created a forecasting model so as to reflect the influence of all of the aforementioned factors. To achieve 
this, we combined a selection of similar data and regression analysis. For each predicted energy value (for a 
specific hour), a data sample with corresponding consumption was selected, and the influence of temperature 
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was estimated based on this data using a regression method. Data samples were chosen according to the fol-
lowing criteria. First, the data were restricted to only the same hour and day of the week, except for Tuesdays, 
Wednesdays, and Thursdays, the data for which were combined. This did not apply to days around public 
holidays on weekdays, as consumption on these days is very specific and difficult to predict. For these days, 
we used the following simple rules. Each holiday was treated as a Sunday, each day immediately before as a 
Friday, and each day immediately after as a Monday. Moreover, predictions for standard days (those not af-
fected by a holiday) did not use data from holidays or the days around them. Next, the yearly cycle was taken 
into account. According to the day’s position within the year, data were selected using a sliding window of 70 
days. Finally, a restriction condition was applied to cloudiness and a sliding window was used again, in this 
case a window of 0.9. Thus, for example, for predicted cloudiness values of 0 data with cloudiness within the 
range 0–0.45 were selected, for values of 0.5 the range was 0.05–0.95, and so on. This is a relatively large 
range, but testing revealed it to be a suitable choice for our data.
As mentioned above, the final predictions were calculated using a regression algorithm with predicted tem-
perature as a variable. Ideally, we would have liked to fit a U-shaped curve, as illustrated in Fig. 1B. However, 
following the described data selection, the data samples had a relatively small range of temperature values 
with an approximately linear curve. We tested other possibilities, but the most suitable method seems to be 
linear regression with one linear factor: temperature. We improved the standard algorithm using a proce-
dure providing robustness, in the sense of reducing the harmful influence of outlier data. Regression was 
performed twice. Following the first fit, data with residuals outside the interquartile range extended to both 
sides by its width were removed. The dependency obtained from the second regression was used to predict 
consumption. 
In the described method, two factors influencing consumption were not considered: consumption changes 
over the long term (given by such factors as the state of the economy) and sudden changes in temperature. 
Both of these factors should be considered, but their effect was not very strong in our data, and so we did not 
reflect them directly. Instead, we used two post-processing procedures to reduce bias caused by leaving them 
out. It is not possible to describe these procedures here in detail, but they were also based on regression analy-
sis and used GDP and differences in mean temperature between successive days.

ReSultS
We evaluated the model from the perspective of prediction error. To measure this error, we used the normal-
ized mean absolute error (NMAE). It is defined as

where    i,i=1,…,n, are the predicted energy consumption values for individual hours and  pi,i=1,…,n, are the 
corresponding real values. By multiplying the total by 100, we obtained the error in terms of the percentage 
of the total actual production.
We calculated NMAE for the entire period of July 2013–June 2014 as well as for individual months. 
Predictions were calculated using necessary values from February 2011–June 2014. To obtain NMAE val-
ues corresponding to actual applications, only data at least 2 days old were used to calculate each prediction. 
We tested the main described method (M1), as well as the post-processing procedures based on GDP (M2) 
and temperature changes (M3). Moreover, to express the benefit of using temperature, we also evaluated a 
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Wednesdays, and Thursdays, the data for which were combined. This did not apply to days 
around public holidays on weekdays, as consumption on these days is very specific and 
difficult to predict. For these days, we used the following simple rules. Each holiday was
treated as a Sunday, each day immediately before as a Friday, and each day immediately after 
as a Monday. Moreover, predictions for standard days (those not affected by a holiday) did 
not use data from holidays or the days around them. Next, the yearly cycle was taken into 
account. According to the day’s position within the year, data were selected using a sliding 
window of 70 days. Finally, a restriction condition was applied to cloudiness and a sliding 
window was used again, in this case a window of 0.9. Thus, for example, for predicted 
cloudiness values of 0 data with cloudiness within the range 0–0.45 were selected, for values
of 0.5 the range was 0.05–0.95, and so on. This is a relatively large range, but testing revealed 
it to be a suitable choice for our data.
As mentioned above, the final predictions were calculated using a regression algorithm with 
predicted temperature as a variable. Ideally, we would have liked to fit a U-shaped curve, as
illustrated in Fig. 1B. However, following the described data selection, the data samples had a
relatively small range of temperature values with an approximately linear curve. We tested 
other possibilities, but the most suitable method seems to be linear regression with one linear 
factor: temperature. We improved the standard algorithm using a procedure providing 
robustness, in the sense of reducing the harmful influence of outlier data. Regression was
performed twice. Following the first fit, data with residuals outside the interquartile range
extended to both sides by its width were removed. The dependency obtained from the second 
regression was used to predict consumption. 
In the described method, two factors influencing consumption were not considered:
consumption changes over the long term (given by such factors as the state of the economy)
and sudden changes in temperature. Both of these factors should be considered, but their 
effect was not very strong in our data, and so we did not reflect them directly. Instead, we 
used two post-processing procedures to reduce bias caused by leaving them out. It is not 
possible to describe these procedures here in detail, but they were also based on regression 
analysis and used GDP and differences in mean temperature between successive days.

Results
We evaluated the model from the perspective of prediction error. To measure this error, we 
used the normalized mean absolute error (NMAE). It is defined as

NMAE =  
∑ |�̂�𝑝𝑖𝑖 − 𝑝𝑝𝑖𝑖|𝑛𝑛
𝑖𝑖=1
∑ 𝑝𝑝𝑖𝑖𝑛𝑛
𝑖𝑖=1

,

where �̂�𝑝𝑖𝑖, 𝑖𝑖 = 1 …𝑛𝑛, are the predicted energy consumption values for individual hours and 
𝑝𝑝𝑖𝑖, 𝑖𝑖 = 1 …𝑛𝑛, are the corresponding real values. By multiplying the total by 100, we obtained
the error in terms of the percentage of the total actual production.
We calculated NMAE for the entire period of July 2013–June 2014 as well as for individual 
months. Predictions were calculated using necessary values from February 2011–June 2014.
To obtain NMAE values corresponding to actual applications, only data at least 2 days old 
were used to calculate each prediction. We tested the main described method (M1), as well as
the post-processing procedures based on GDP (M2) and temperature changes (M3). 
Moreover, to express the benefit of using temperature, we also evaluated a method which did
not utilize temperature and returned consumption means from the selected data sample prior 
to applying regression (M4).
The NMAE values displayed by individual methods (in both regions combined) are shown in 
Table 1. Errors in individual months mostly ranged around 2–3%, but they were sometimes 
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method which did not utilize temperature and returned consumption means from the selected data sample 
prior to applying regression (M4).
The NMAE values displayed by individual methods (in both regions combined) are shown in Table 1. Errors 
in individual months mostly ranged around 2–3%, but they were sometimes considerably higher, mainly due 
to larger amounts of non-standard days in some months, in particular due to Christmas in December. There 
are also clear differences among the methods, and we can see such effects as the benefit of using temperature. 
This benefit was relatively large, except for during the summer, where the effect was negative in August. Both 
post-processing procedures had overall positive effects. However, improvement was not stable across differ-
ent months and sometimes error was increased.

Table 1:  Values of NMAE (% of total prediction) for methods M1–M4 during July 2013–June 2014 calculated for the sum of 
consumption in both South Bohemia and South Moravia.

dISCuSSIon
We have presented a forecasting model for energy consumption. It is clear that it is able to predict consumed 
energy relatively precisely, although errors were highly variable across individual months. The results also 
imply some ways to obtain potential improvements which we intend to explore in future. Firstly, holidays, 
mainly Christmas, cause large increases in errors and thus a more sophisticated method for modelling them 
could help to improve results. Next, the post-processing procedures were tested separately and thus their 
combined application might yield higher accuracy. Currently, this variant is problematic because of its rela-
tively low data count. Finally, there seems to be great potential to reduce error through better use of tempera-
ture. For example, reflecting thermal inertia, which we are currently studying, seems to be a promising way 
to decrease errors.
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abStRaCt
Climate change currently represents one of the major global environmental problems. In order to respond 
to these changes, adaptation actions at all levels, from national to local, need to be undertaken (European 
Commission 2013). Moreover, perceptions of climate change are an important element affecting actual at-
titudes towards adaptation actions and influencing policy and communication regarding climate change 
(Lorenzoni et al. 2005).
This paper presents the results of a survey on perceptions of climate change, including beliefs about climate 
change and attitudes towards adaptation, conducted among 1,024 Czech citizens in October 2014. 
Survey results show that the majority of respondents (78%) agreed with the statement that global climate 
change is happening. Positive responses about perceptions of climate change were found especially among 
younger people (18 to 34 years of age). In terms of adaptation measures, 51% of respondents had adopted a 
variety of individual actions (ranging from water savings to property insurance), discussed in the paper in 
further detail. Older people (≥ 45 years of age) with higher education preferred rather technical adaptation 
measures (e.g. flood protection for property, installation of rainwater reservoirs, etc.). 
The survey represents unique insights into attitudes towards climate change within the Czech Republic 
which had not previously been investigated to this extent. The results provided can support decision-making 
regarding adaptation policy, individual adaptation actions, and communication of climate change issues to-
wards general public.

IntRoduCtIon
Climate change, one of the major global environmental problems, poses risks for human and natural systems. 
To manage the risks of climate change, adaptation and mitigation decisions are essential (IPCC 2014). In or-
der to respond to these changes, adaptation actions at all levels, from national to local, need to be undertaken 
(European Commission 2013). 
Adaptation measures also face difficulties connected with perceptions of risks and adaptation among stake-
holders (Otto-Banaszak et al. 2011). In this respect, perceptions of climate change are as an important ele-
ment affecting actual attitudes towards adaptation actions and influencing policy and communications re-
garding climate change (Lorenzoni et al. 2005). Additionally, perceptions of climate risks influence the tim-
ing and ways now individuals, households, businesses, and communities take adaptation actions (Davidson 
et al. 2003).
Understanding public perceptions of climate change can support decision-making (Lujala et al. 2015) and 
ensure social acceptance of adaptation actions (Lorenzoni & Pidgeon 2006).
The performed survey aimed to explore perceptions of climate change among Czech citizens, investigating 
the extent to which citizens perceive the impacts and risks of climate change, as well as to determine whether 
they had implemented adaptation measures and if so which particular measures. The study also tested the 
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relationship between respondents’ agreement that the Czech Republic is experiencing effects of global cli-
mate change and their actual adoption of individual adaptation measures.

mateRIalS and methodS
The survey was conducted in October 2014 in collaboration with Ipsos through a quantitative online survey 
using computer-assisted self-interviewing technique with Ipsos panel respondents. The online questionnaire 
covered a representative sample of the population of the Czech Republic with a total of 1,024 respondents. 
The sample was also representative spatially, across the 14 regions of the Czech Republic. The sample in-
cluded respondents 18 years of age and older, with nearly equal representation of women (50.5%) and men 
(49.5%). The questionnaire consisting of 14 questions was developed to provide information on respondents’ 
beliefs about climate change, perceptions of risks and effects associated with climate change, and attitudes 
toward individual adaptation actions.

ReSultS
Concerning perceptions of climate change, the survey showed that 78% of respondents agreed (35% strongly 
agree and 43% agree) with the statement that global climate change is happening. In particular, 70% of re-
spondents agreed (23% strongly agree and 47% agree) with the statement that the Czech Republic is expe-
riencing effects of global climate change. Fig. 1 illustrates the distribution of responses to this question ac-
cording to gender, age, and education and thus the role these characteristics play in perceptions of climate 
change within the Czech Republic. A higher proportion of women (72%) agreed with the statement than did 
men (68%). In terms of age, younger respondents (25–34 years of age) more frequently responded positively. 
Education also played a role in perceptions, as people with higher vocational and university education more 
frequently agreed with the statement.

Fig. 1:  Responses to the statement “The Czech Republic is experiencing effects of global climate change” according to gender, 
age, and education.
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The majority of respondents (51%) had taken measures to adapt to the changing climate. Table 1 provides an 
overview of individual adaptation measures that citizens undertook. These individual measures varied from 
rather mitigating measures (e.g. saving energy and water, using solar energy and public transportation, sort-
ing waste, reducing their houses’ energy intensity) to so-called soft adaptation measures (e.g. insurance, ear-
ly warning systems) and technical adaptation measures (e.g. flood protection for property, rainwater harvest-
ing, adjustments in rainwater runoff). Large proportions of respondents had undertaken rainwater harvest-
ing (27%), energy savings (17%), and insurance (17%). Older people (≥ 45 years of age) with higher edu-
cation preferred technical measures (e.g. flood protection for property, installation of reservoirs to harvest 
rainwater, etc.).

Table 1: Overview of individual adaptation measures.

The results of Pearson’s chi-squared test showed a significant relationship between respondent’s agreement 
that the Czech Republic is experiencing effects of global climate change and actual adoption of individual 
measures to adapt to climate change (χ2 = 64.580, significant at p < 0.05). In summary, respondents who 
agreed that climate change effects are taking place were more likely to have undertaken individual adapta-
tion measures.

dISCuSSIon
The survey represents unique insights into attitudes towards climate change within the Czech Republic 
which had not previously been investigated to this extent.
The values and perceptions of the general public need to be taken into account when making decisions con-
cerning climate change policies. This is particularly true because climate policies require some degree of buy-
in or public acceptance among those who might be affected by the decision (Lorenzoni & Pidgeon 2006). 
The present study illustrated the connection between perceptions of climate change and actual adaptation 
actions. However, the link between concerns about climate change and taking adaptation actions has not yet 
been fully established in the literature. For instance, such studies as Spence et al. (2011) have proven such a 

Individual measures undertaken Proportion of respondents taking the measure
%

Rainwater harvesting 27

Energy savings 17

Insurance (against natural disasters) 17

Water savings 11

Early warning systems (e.g. weather forecast monitoring) 6

Flood protection for property 6

Waste sorting 6

Adjusting rainwater runoff around buildings 5

Reducing houses’ energy intensity 2

Solar energy use 2

Measures against storms 1

Public transportation use 1
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connection. In contrast, Dessai & Sims (2010) did not confirm that concerns about climate change necessar-
ily led to adaptation measures.
Moreover, the present results can be utilized to support decision-making regarding adaptation policy, individ-
ual adaptation actions, and communication of climate change issues towards general public.
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