


1

	 Silva	Gabreta	 vol.	24	 p.	1–20	 Vimperk,	2018 

The Silva Gabreta Project – transboundary cooperation 
in monitoring of biodiversity and water regime

Zdenka	Křenová1–3,* & Linda Seifert4

1Šumava National Park, 1. máje 260, CZ-38502 Vimperk; 2Global Change Research Centre CAS,  
Bělidla 4a, CZ-60200 Brno; 3Faculty of Science, Charles University, Benátská 2, CZ-12900 Prague,  

Czech Republic
4Bavarian Forest National Park, Freyunger Str. 2, D-94481 Grafenau, Germany

* zd.krenova@gmail.com

Abstract
The Bohemian Forest represents the most extensive continuous forest landscape in central Europe. Two 
neighbouring national parks (NP), the Bavarian Forest NP in Germany and the Šumava NP in Czechia, 
protecting the most valuable part of this area have been recognized as an important site for monitoring of 
effect of climate change on central European biodiversity and ecosystem structure. For long time, a hydro-
logical monitoring program in the Große Ohe headwater catchment and complex monitoring of glacial lakes 
recently recovering from acidification were flagships of long-term transboundary research in the Bohemian 
Forest. Recently published results of biodiversity research in the Bavarian Forest NP and experiences with 
monitoring of mires in the Šumava NP supported a necessity of multidisciplinary and transboundary re-
search. To improve the cooperation of both national parks, optimize methodologies, and coordinate research 
activities in the region a new Interreg project No. 26 “Silva Gabreta Monitoring – Implementation of trans-
boundary monitoring of biodiversity and water regime” was jointly prepared. The aims and monitoring 
methodologies of three main project activities are presented in this paper: (i) monitoring of forest biodiver-
sity, (ii) monitoring of mires, and (iii) monitoring of aquatic ecosystems. In addition, we briefly present 
several supplementary project activities and tasks, such as modelling of mesoclimatic conditions, monitor-
ing of effect of deicing salt, project conference and common database. As well as sampling design, methods 
and strategies, and brief overview of the preliminary results are mentioned. 
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IntroductIon

Recent trends in ecology emphasize both the dynamics and nonequilibrium nature of eco-
logical systems (Shiel & BurSlem 2003). Past decades have shown that large-scale natural 
disturbances, such as windthrows, fires, or insect outbreaks, can significantly moderate spa-
tial and temporal processes in European forests, and even in central Europe (NiklaSSoN et  
al. 2010). Increasing frequency of disturbance events have stimulated research focusing on 
effects of disturbance and post-disturbance forest management on biodiversity of central 
European mountain ecosystems. 

Most recent studies have focused on the causes and consequences of natural disturbances 
in European temperate forests (e.g. müller et al. 2008, 2010, BäSSler & müller 2010, 
FiScher & FiScher 2012, SvoBoda et al. 2012) significantly contributing to our understanding 
of natural forest ecosystem dynamics. Numerous authors reported that traditional post-dis-
turbance management and removal of large quantities of biological legacies (e.g. salvage 
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cuttings) could have negative impacts on many species too (e.g. ThorN et al. 2017, liNdeN-
mayer et al. 2017). Cavity-nesting birds and mammals, invertebrates, fungi and other taxa 
depending on dead wood, mosses and lichens closely associated with fallen logs are threat-
ened with salvage logging (hagaN & grove 1999, marTiN & eadie 1999, NilSSoN et al. 
2001). Research on this topic has been conducted also in the Bavarian Forest NP (BFNP) 
within the Biodiversity and Climate Change Project (BIOKLIM; müller et  al . 2007, 2008, 
2010, moNiNg & müller 2009, BäSSler et al. 2010, raaBe et al. 2010).

The BIOKLIM Project was established in the BFNP in 2006 to contribute to the knowl-
edge of expected effects of climate change on these low mountain range forest ecosystems 
(BäSSler et al. 2008). Its fundamental objective was to quantify the dependency of various 
taxa on the environmental drivers affecting their local distribution. The project results con-
firmed that, together with the altitude, also large-scale disturbances (both windstorms and 
bark-beetle outbreaks) are the important drivers of biodiversity for many taxa (BäSSler et al. 
2010, moNiNg & müller 2008, müller et  al . 2008, 2010, raaBe et al. 2010, röder et al. 
2010). The unique BIOKLIM research project focused only on biodiversity of forest ecosys-
tems, the dominant habitat of the Bohemian Forest. The mires, however, the second most 
important habitat in this area, were not included notwithstanding that central European peat 
bogs, which originated during the Late Glacial and early Holocene, are supposed to be stable 
ecosystems that became hot spots of unique biological diversity, especially in mountainous 
areas (SpiTzer & daNkS 2006). Scattered distribution of these island-like habitats resulted 
from the changes in biota during the Pleistocene climatic oscillations (TalliS 1991). The 
mires as well as montane spruce forests are examples of the habitats occurring far south of 
their main boreal biome distributions (dierSSeN & dierSSeN 2001). They recently survive in 
the coldest, and usually the most remote, parts of central European mountains. The vulner-
ability of these habitat islands to climatic changes has got an increasing concern, but sensi-
tivity of their communities to disturbances is less understood (WelTziN et al. 2000). Little is 
known whether mires and waterlogged forests (spruce mires) can serve as biodiversity refu-
gia or sources of colonisers for the surrounding disturbed forest habitats. Together with 
mires, also catchments of mountain streams and glacial lakes were recognized as very im-
portant model ecosystems for research of the effects of natural disturbances and climate 
changes in central European forest ecosystems (oulehle et al. 2013, 2018, vrBa et al. 2014, 
BeuderT & gieTl 2015, BeuderT et  al . 2015, 2018, kopáček et al. 2017). Long-term data were 
used as an important data source in many of these papers.

For long time, a hydrological monitoring program in the Große Ohe headwater catchment 
in the BFNP (BeuderT & gieTl 2015) and complex monitoring of Czech and Bavarian glacial 
lakes recently recovering from acidification (vrBa et al. 2015, 2016) were flagships of long-
term transboundary research in the Bohemian Forest (heurich et al. 2010). Recently pub-
lished valuable results of a hydrological monitoring program in the Große Ohe headwater 
catchment (BeuderT et al. 2015, 2018) and glacial lakes research (e.g. kopáček et al. 2017, 
2018a,b, vrBa et al. 2014, 2016, oulehle et al. 2018) have shown importance of long-term 
monitoring and transboundary cooperation. Results of biodiversity research in the BFNP 
(BäSSler et al. 2015) and experiences with monitoring of mires in the Šumava National Park 
(ŠNP; BuFková et al. 2010) also supported a necessity of multidisciplinary and transbound-
ary research delivering a detailed description of local biodiversity and environmental condi-
tions in either “traditional” or “new” habitats established due to disturbance impacts. To 
improve the cooperation of the BFNP and ŠNP, optimize methodologies, and coordinate 
research activities, common Czech Republic–Bavaria Interreg project called “Silva Gabre-
ta– monitoring of mountain ecosystems” (project No. 368) has started in January 2015 
(křenová & SeiFerT 2015). The outcomes of this project enabled the implementation the 
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proposed monitoring activities within a following three-year project. The Interreg V project 
No. 26 “Silva Gabreta Monitoring – Implementation of transboundary monitoring of biodi-
versity and water regime” was jointly prepared and later successfully granted by the Cross-
border cooperation programme Czech Republic–Bavaria Free State ETC goal 2014–2020. 
Together with BFNP, as a leading partner, also three Czech partners, the ŠNP, the Masaryk 
University in Brno and the Czech Agriculture University in Prague, as well as the Sencken-
berg Institute from Germany have been involved in this three-year project started in April 
2016.

The main aim of this paper is to introduce the jointly prepared project No. 26 “Silva Ga-
breta Monitoring – Implementation of transboundary monitoring of biodiversity and water 
regime” that included three main project activities: (i) monitoring of forest biodiversity, (ii) 
monitoring of mires, and (iii) monitoring of aquatic ecosystems; and several supplementary 
activities, for example modelling of mesoclimatic conditions and monitoring of effect of 
deicing salt.

Study area, monItorIng deSIgn and methodS

The Bohemian Forest represents the most extensive continuous forest landscape in central 
Europe. Valuable near natural habitats of mountain old-growth forests, mires, secondary 
grasslands, glacial lakes, and streams in the trilateral border region of the Czech Republic, 
Bavaria, and Upper Austria host unique and diverse plant and animal communities. There-
fore, this area is an important part of the Natura 2000 network, established to protect the 
most endangered habitats and species in Europe, as defined in the Habitats Directive (1992) 
and Birds Directive (1979). The centre of this area is protected as the Bavarian Forest Na-
tional Park (BFNP, 242 km2) and the Šumava National Park (ŠNP, 680 km2) with the Šumava 
Protected Landscape Area (Šumava PLA, 1000 km2) serving as their buffer zone (Fig. 1). 
Local ecosystems have been affected by acid depositions in the past decades (vrBa et al. 
2003, Šantrůčková et al. 2007) as well as by ongoing climate changes. Indeed, an annual 
mean temperature has increased in the Bohemian Forest during the past half a century by 
more than 1°C (keTTle et al. 2003, Turek et  al . 2014).

The forests, mainly mountain spruce and mixed forests, cover more than 85 % of this ter-
ritory. Large areas of these forests have been subjected to significant natural disturbances in 
a few last decades (müller et al. 2008, FiScher & FiScher 2012, SvoBoda et al. 2012). As a 
result, the Bohemian Forest is characterized by the diverse mosaic of old-growth forests, 
windthrow areas, forests impacted by bark beetle, and areas influenced by traditional for-
estry in the past. Furthermore, the mires are the most valuable and the most sensitive habi-
tats of the Bohemian Forest (SchreiBer 1924, SpiTzer & BuFková 2008). Their vegetation 
types range from the typical ombrotrophic dome-shaped raised bogs to minerotrophic for-
ested or treeless fens, which are often surrounded by spruce mire or birch forest on peaty 
soils (röSch 2000, SvoBodová et al. 2002, koNvaliNková & prach 2002, BaSTl et al. 2008, 
BuFková et  al . 2010). More than 70% of mires and spruce mires in this transboundary region 
have been influenced by drainage for forest and agriculture management, and peat extraction 
in the past (BuFková et  al . 2010). Since 1999, a comprehensive “Mire Restoration Program” 
improving the hydrology regime in disturbed mires has been implemented in the ŠNP (BuFk-
ová et al. 2010, BuFková 2012). Restoration measures have been implemented also in the 
BFNP (Jehl 1994, STruNz 1994, eNglmaier 2009). In the ŠNP, selected drained and intact 
mires have been monitored since 2004 aiming to characterize the degradation changes in-
duced by the hydrology disturbation and evaluate the success of restoration (BuFková et  al . 
2010). In the BFNP, no detail monitoring of mires has been commenced until now.
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Fig. 1. Map of 157 and 120 plots (green points) in Bavaria and Czechia, respectively, where monitoring of 
forest biodiversity was conducted in the Interreg project No. 26 “Silva Gabreta Monitoring – Implementation 
of transboundary monitoring of biodiversity and water regime”. Dashed lines are borders of the Bavarian 
Forest National Park (BFNP), Šumava National Park (ŠNP) and Šumava Protected Landscape Area (Šumava 
PLA).
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Unlike the newly initiated monitoring of mires in the BFNP, hydrological monitoring of 
the Grosse Ohe catchment has a very long and successful history. The Große Ohe headwater 
catchment is 19.1 km² in size and its altitudinal range is from 770 m to 1453 m a.s.l. (Großer 
Rachel Mt.). It is 98% forested, with spruce (70%) and European beech being the dominant 
species (BeuderT & gieTl 2015). The Große Ohe headwater catchment monitoring pro-
gramme started in 1977 and the main aim of the program was to document and investigate 
the changes in water cycling during, and due to, the transition from commercial to near-
natural forest under the strict protection and non-intervention policy (BeuderT & gieTl 2015, 
BeuderT et  al . 2018). These objectives required truly long-term observation of physical-
chemical parameters and of biotic components of ecosystems showing environmental chan-
ges: meteorological parameters and pollutants in ambient air (SO2, NOx and O3), water and 
element cycles in beech and spruce stands and at the catchment level, vitality and growth of 
single trees, forest stands and understorey vegetation, and recovery of brown trout.

No stream catchment monitoring has been conducted in the Czech part of the region, but 
long-term monitoring of glacial lakes, including their catchments, has also delivered very 
important knowledge about ecosystem changes. The Bohemian Forest has been among the 
most acidified lake districts in the world (kopáček et al. 2015, vrBa et al. 2015). Historical 
data (available since 1871) and regular monitoring (since 1984) on both water chemistry and 
aquatic biota provide a valuable background for the long-term ecological research of the 
catchment–lake ecosystems that currently focuses on (i) chemical reversal and biological 
recovery of the lakes, (ii) acidification effects on in-lake nutrient cycling, (iii) climatic ef-
fects on water chemistry, and (iv) catchment processes, including soil biogeochemistry and 
acidification impacts on vegetation (mountain spruce forests). Recently published papers 
(e.g. vrBa et al. 2014, 2016, kopáček et al. 2015, 2017, 2018a,b, Seedre et  al . 2015, oulehle 
et al. 2018) well documented successful recovery of these glacial lakes ecosystems from 
acidification both on hydrochemical and biological levels. Long-term monitoring of glacial 
lakes and hydrological monitoring of the Große Ohe headwater catchment deliver unique 
knowledge; however, only little has been known about hydrobiology of streams and other 
aquatic ecosystems in the Bohemian Forest until now.

It was obvious that in the time of climatic changes, including increasing frequency of 
natural disturbances, more intensive and better coordinated common monitoring of biodi-
versity changes and water regime are crucial for responsible management of protected areas 
in transboundary region. More details on the monitoring of forest biodiversity, mires, and 
aquatic ecosystems follow bellow.

Monitoring of forest biodiversity
The Bohemian Forest provides a wide elevation gradient from ca. 300 to 1456 m a.s.l. 
(Grosser Arber Mt.) and a mosaic of forests of different structure and age resulted from dif-
ferent forestry management (managed/unmanaged) and natural disturbances (forest dieback 
caused by bark-beetle infestation and/or wind storms) in the past. The biodiversity data from 
a set of study sites distributed in different forest types (old-grown forests, windblown sites, 
post bark beetle sites etc.) along the elevational gradient enable us to evaluate the impacts of 
natural disturbances and climate changes on species and functional diversity and composi-
tion of biotic communities. 

The monitoring aims to describe the biodiversity of 17 groups of flora and fauna along the 
gradients of elevation and forest structure using jointly developed design based on the BIO-
KLIM project (BäSSler et al. 2015). The obtained data are fully comparable with the initial 
BIOKLIM data collected in the BFNP in 2006 (FrieSS et al. 2018) and the study area has 
recently been extended to the ŠNP.
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In the BFNP, an optimized set of 157 study sites (121 in the national park and 36 in the 
surrounding area) were selected for the transboundary monitoring network. Thirty-six sites 
outside the national park were included to extend the elevation gradient to the Danube valley, 
i.e. from 1420 to 287 m a.s.l. (Fig. 1; for more details, see FrieSS et al. 2018). The study sites 
were distributed in elevational transects covering complete forest structural gradient includ-
ing old-growth forests, areas impacted by bark beetle, and areas influenced by traditional 
forestry in the past.

In the Czech Republic, the forest biodiversity monitoring was conducted at 120 study sites 
(95 sites in the ŠNP and 25 sites in the Šumava PLA) selected from the set of the Biomoni-
toring project plots studied to evaluate long term changes in forest structure in non-interven-
tion zones of the ŠNP (čížková et al. 2011). Twenty-five sites located in nature reservations 
in the Šumava PLA were included to extend the elevation gradient. The study sites were 
grouped in two groups (Fig. 1). The first group of sites situated in the western part of the 
ŠNP represented the elevational gradient from the north foothill of the Bohemian Forest (the 
lowest elevation of 605 m a.s.l. in the Otava River valley) over the high-mountain plateau to 
the highest area on the border with Germany (Plesná Mt., 1332 m a.s.l.). The second group 
of plots was situated in the southern part of the ŠNP ranging from the Lipno reservoir (the 
lowest elevation of 688 m a.s.l. in the Jasánky Nature Reserve) to the main border range 
(Trojmezná Mt., 1340 m a.s.l.). The additional set of 30 sites was located in naturally treeless 
areas (mountain plains, mire meadows, Nardus meadows, and heathlands – all Natura 2000 
habitats) in the ŠNP. 

Table 1. Taxonomic groups, size of their study area, and sampling methods used for monitoring of biodiver-
sity in the Interreg project No. 26 “Silva Gabreta Monitoring – Implementation of transboundary monitoring 
of biodiversity and water regime”.
Taxonomic group Study area Sampling

0.02 ha 0.1 ha 1 ha
Aculeata x Malaise trap 
Arachnida x pitfall trap
Aves x grid mapping
Chiroptera x sound mapping
Cicadina x Malaise trap 
Coleoptera x Malaise, flight interception and pitfall trap
Collembola x pitfall trap
Formicidae x pitfall and flight interception trap
Fungi x mapping
Heteroptera x Malaise, flight interception and pitfall trap
Lepidoptera x light traps
Lichen x mapping
Mammalia x camera traps
Mollusca x hand collecting
Bryophyta x mapping
Neuroptera x Malaise traps
Opiliones x pitfall traps
Symphyta x Malaise traps
Syrphidae x Malaise traps
Tracheophyta x mapping
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Unified protocols were used for monitoring of all taxonomic groups in both national parks. 
Sampling of vegetation (flowering plants, ferns, mosses and lichens), fungi, birds, snails, 
beetles, bugs, spiders and other insects (see Table 1 for the list of studied groups) were con-
ducted at all study sites (for more details, also see FrieSS et al. 2018). Field work was con-
ducted in seasons 2016 and 2017 and determination and data analysis continued in 2018 and 
2019. The same methodology for monitoring of biodiversity in forests and natural tree-less 
areas in the ŠNP were used.

Four types of insect traps (Malaise, flight interception, pitfall, and light traps) were used 
to collect invertebrates and the following taxa from insect traps were determined: Arachni-
da, Opiliones, Cicadina, Collembola, Syrphidae, Heteroptera, Coleoptera, Diptera, Aculeata, 
Symphyta. All 157 sites in Bavaria and 150 sites in Czechia (120 forest sites and 30 tree-less 
sites) were equipped with flight interception and pitfall traps. Additionally, a high-informa-
tive subset of 52 sites in the BFNP or 50 forest sites in the ŠNP were selected and stratified 
for altitude and forest structure. The high-informative sites were continuously (from May to 
September) equipped with Malaise traps and once per month with light traps, which helped 
to record moths in night surveys. Light traps were placed at a height about 2 m, in relative 
open spots and used in nights without rain or strong wind.

In addition, batcorders (www.ecoobs.com) were established in these high-informative 
plots in the BFNP. Bat calls were recorded from May to September 2016 in all night surveys 
(approximately 1 hour prior sunset to 1 hour past sunrise) using automated recording de-
vices. The batcorders were placed on wooden poles at a height of 2.5 meters above ground 
with the microphone facing 30° upwards in order to prevent water from accumulating at the 
tip of the microphone. At each site a relatively open spot was chosen for the location of the 
pole in order to reduce sound attenuation by dense vegetation. Survey nights with tempera-
tures below 0°C and with a high rainfall probability were avoided as bat activity is usually 
reduced under these conditions (griNdal et al. 1992). 

PT

PT
FIT

1ha: birds

0.1 ha (r=18m): fungi

0.02 ha (r=8m): mosses, 
lichens, plants, molusca

Fig. 2. Study plot diagram. Monitoring of different taxonomic groups was carried out at the plots of different 
size (see Table 1). One flight interception trap (FIT) and two pitfall traps (PT) were installed in all plots; 
Malaise traps, light traps, batcoders, and camera traps were used at a high-informative subset of 52 plots in 
the Bavarian Forest NP and 50 plots in the Šumava NP and PLA.
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Table 2. Environmental parameters of biodiversity monitoring plots and types of their measurement.

Variables Definition Measurement
General information   
Geographic coordinates coordinates according to WGS84 and ETRS

GIS model

Altitude elevation in meters a.s.l.
Exposition degree
Slope degree

Radiation potential sum in the growing season 
(kWh/m2)

Climate parameters   
Temperature annual mean temperature 

GIS modelPrecipitation annual mean precipitation
Radiation annual mean radiation
LiDAR data penetration rates in different heights airborne Laserscanner
Forest structure   
Breast height diameter tree diameter in 1.3 m height measurement
Tree height in meter measurement
Tree vitality living or dead estimation
Length of deadwood in meter measurement
Type of deadwood standing or lying estimation

Etotal: total canopy cover
sample area shaded by horizontal projection 
of tree layer separated for occurring tree 
species in %

estimation

E3H: high tree layer (>15 m) cover 
      and height % or meter estimation

E3L: lower tree layer (<15 m)  
      cover and height % or meter estimation

E2:shrub layer cover and height % or meter estimation
E1H: herb layer cover and height % or meter estimation
E1G: grass layer cover and height % or meter estimation
E0: crypto layer cover and height % or meter estimation
Stone cover % estimation
Deadwood cover % estimation
Litter cover % estimation
Open water area cover % estimation
Soil   
Soil type physical description estimation
Moisture index calculated calculation
pH for humus layer and mineral layer lab analysis
Exchangeable nutrient elements H, Al, Ca, Fe, K, Mg, Mn, Na lab analysis
Cation exchange capacity  lab analysis
Base saturation  lab analysis
C/N ratio  lab analysis
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Monitoring of different taxonomic groups was performed on plots of different sizes at 
each site (Fig. 3). Molluscs were recorded by hand collecting at suitable substrates (leaf lit-
ter, under stones, at dead wood etc.) in a single survey at 0.02-ha plots. In the field mainly 
macroscopic determination was conducted, partly microscopic determination was necessary 
with section in the lab.

All mosses, lichens (at 0.02-ha plots) and fungi (at 0.1-ha plots) species on available sub-
strates were recorded and the available substrate types up to a height of 2 m were listed. Tree 
species, level of decomposition and diameter, as well as length for dead wood were measured 
too. If several substrates of one type were available, one per each type was recorded. If avail-
able substrates in the plot were very similar, usually three ones per each type were recorded. 
Partly microscopic determination was necessary with section in lab too. Vascular plants 
were recorded in a single survey at 0.02-ha plots in May–September. Vernal geophytes are 
negligible in this area due to the short growing season and the absence of rich soils. The 
survey was focused on the vascular understorey vegetation (including ferns) up to 1 m in 
height, which was estimated visually in percentage cover or on a modified scale by loNdo 
(1976). Species and their cover were estimated in all vegetation layers. Also the type and 
coverage of overlay was noted.

Birds were recorded at 1-ha plots by means of quantitative grid mapping (cf. BiBBy et  al . 
2000, moNiNg & müller 2008) at all plots. All acoustic and visual detectable breeding birds 
were recorded. Bird calls listening started with one minute at the edge of each plot to detect 
also birds that are sensitive to disturbances. Then listening went on in the plot centre for 
eight minutes. In the end, listening were finished with one minute at the other edge to distin-
guish between birds inside and outside the plot and thus to correct error detections from the 
centre. For each individual the specific behaviour was noted (simple detection by sighting or 
calling, territorial-indicating or breed-indicating young birds or food-carrying old birds). 
Due to phenological differences in occurrence bird mapping was repeated five times, i.e. in 
the end of March, in the middle of April, in the beginning and the end of Mai and in the 
beginning of June (müller 2005, moNiNg & müller 2008). Mapping was conducted from 
sun rise till 11 a.m. under good weather conditions, i.e. hardly wind, no rain, preferably sun 
(moNiNg & müller 2008; müller 2005). To minimize process-depended errors each plot 
was mapped to different hours in the morning and at least ones from each of three mapping 
persons. Additionally, camera traps were installed in high-informative plots to record verte-
brates passing or occurring there. 

Furthermore, different environmental parameters were recorded and soil samples were 
taken and analysed (Table 2). Forest structure was investigated at biodiversity study sites 
both in the BFNP (hilmerS et al. 2018) and in the ŠNP and Šumava PLA, where the meth-
odology of the Biomonitoring project was used (zeNáhlíková et al. 2015). In addition, a 
dendrochronology analysis was conducted to estimate the age of trees at the sites and a study 
of mesoclimatic conditions (romporTl et al. 2018) delivered useful background for interpre-
tation of biodiversity monitoring.

Monitoring of mires
The transboundary monitoring of mires aims to evaluate the water level balance, hydro-
chemistry and vegetation in drained, restored, and near-natural mires of different elevation. 
The study has mainly focused on the evaluation of the effects of climate changes and applied 
conservation measurements, particularly water regime restoration, on water regime of mires. 
Within the project No. 26 “Silva Gabreta – Monitoring of biodiversity and water regime”, 
long-term monitoring of mires was optimized in the ŠNP and newly established in the BFNP. 
Currently, altogether 12 mires in the ŠNP and Šumava PLA and 9 mires in Bavaria (6 in the 



10

Fig. 3. Map of mires monitoring sites (blue points) where monitoring was conducted in the Interreg project 
No. 26 “Silva Gabreta Monitoring – Implementation of transboundary monitoring of biodiversity and water 
regime”. Dashed lines are borders of the Bavarian Forest National Park (BFNP), Šumava National Park 
(ŠNP) and Šumava Protected Landscape Area (Šumava PLA).
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BFNP and 3 in the surrounding area) together form unified set of monitoring sites (Fig. 2). 
All main types of mires are included: ombrotrophic alluvial and montane raised bogs, and 
three minerotrophic mire types, spruce mires, transitional fens, and treeless fens. The study 
sites are at elevations between 870 to 1250 m a.s.l.

The mire habitats under the monitoring program are ombrotrophic bogs (Leuco-
Scheuchzerion palustris, Oxycocco-Ericion, Sphagnion medii), waterlogged and mire spruce 
forests (Mastigobryo-Piceetum, Sphagno-Piceetum). Both restored sites (R, where water 
regime restoration measures were applied) and control sites (C, i.e. intact) were included in 
the monitoring design (Table 3). The following environmental parameters have been re-
corded at all study sites: water level, hydrochemistry, runoff, air moisture and temperature 
(0.3 m and 1.2 m above the soil surface), soil moisture and temperature (0.01 m, 0.03 m and 
1.2 m below the soil surface), precipitation, surrounding stand structure, and vegetation 
mapping. Three new study sites have been added recently to the already existing monitoring 
design in the ŠNP to cover all types of mires occurring in the region. New automatic water-
level recorders have been set at study sites measured only manually so far. Monitoring was 
newly implemented in the BFNP (Table 4) where no detail monitoring of mires has been 
done until present. Additionally, several palynology studies and peat surveys were con-
ducted in the BFNP to detect historical impact on mires. 

In the ŠNP, more than one hundred permanent plots with associated water wells were 
monitored to characterize microtopographic, vegetation, and drainage patterns of the differ-
ent mire sites. Position of water table was measured manually in all boreholes at nearly 
fortnight intervals. Automatic gauging (at one-hour interval) by piezometers was used in 
selected boreholes. Water samples from boreholes, ditches, runoff profiles from drained sites 
and samples from streams were taken monthly for a detailed hydrochemical analysis, includ-
ing content of main cations and anions (SO4, NO3, NH4, PO4, Ca, Mg, Al, Fe), pH, conductiv-
ity and DOC. Runoff from drained sites, as well as amount of precipitation were measured 
continually. Vegetation, both vascular plants and mosses, was mapped at the plots of 2×2 m 
annually. In the BFNP, vegetation was mapped at 90 permanent plots of 2×2 m annually and 
six micro climate stations continuously measuring air and soil moisture, air and soil tem-
perature, and precipitation were installed in 2016. Automatic gauging (at 1-h intervals) by 
piezometers was applied in 30 boreholes from which water samples for hydrochemical anal-
ysis were collected monthly from April till September 2017. 

Wetland vegetation along the restored streams was studied to describe the effects of res-
torations. Monitoring of vegetation started in 2011 in the Hučina floodplain, i.e. three years 
before its restoration (BoJková et al. 2015). In order to document the vegetation prior to the 
stream restoration, a map of the habitat types was made. With aim to follow vegetation 
changes after the stream restoration, permanent plots were established along three transects 
laid across the stream floodplains perpendicular to the stream. Transect 1 was laid in the 
upper part of the studied floodplain, transect 2 in the middle, and transect 3 in the lower part. 
Altogether 12 plots of 4×4 m were positioned in the central open part of each floodplain and 
14 plots having 10×10 m were placed in the surrounding forested parts. Boreholes were in-
stalled at a border of each plot to a depth of 1 m. Each year, vegetation relevés were recorded 
at all plots in early summer and the water level was measured. The first results of vegetation 
monitoring along the Jedlový Potok are published in this issue (čížková & padrTová 2018).

Monitoring of aquatic ecosystems
The monitoring consists of the following five studies focused on different aquatic ecosys-
tems in the Bohemian Forest. 

(i) A systematic long term monitoring aiming to evaluate the effects of natural distur-
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bances and climate changes on biodiversity of streams started at seven catchments (Große 
Deffernik, Kolbersbach, Kleiner Regen, Große Ohe, Kleine Ohe, Sagwasser, and Resch-
bach) distributed throughout the BFNP. Altogether 51 sampling sites were located along the 
elevation gradient from 600 to 1100 m a.s.l. with sampling sections at each 100 elevational 
meters. From 700 to 900 m a.s.l., smaller side branches were added to sites at main streams 
as replicates to enable comparison of streams of similar size at all elevational steps. The 
results of the pilot study preceding the above-mentioned monitoring to evaluate macroinver-
tebrate diversity and community composition in lower sections of main streams draining the 
BFNP are presented in this issue (BoJková et al. 2018).

(ii) Monitoring of macroinvertebrate diversity in the core area of both national parks in-
volved the detailed study of two model mountain catchments, upper Vydra in the ŠNP and 
Große Ohe in the BFNP. This monitoring aimed to explore main gradients in species data 
and factors governing species richness, abundance and composition of macroinvertebrate 
assemblages within both stream networks with a special focus on the effect of acidification. 
Species and environmental data were collected at 43 sites in the Vydra catchment and 49 
sites in the Große Ohe catchment. Sites were distributed to cover all stream types and dif-
ferent forest structure within the catchments. Species and basic environmental data from the 
Große Ohe catchment are presented in this issue (Bojková et al. 2018).

(iii) Long-term monitoring of three restored streams, Hučina, Jedlový Potok and Žlebský 
Potok in the ŠNP. It was focused on the evaluation of the success of the restoration based on 
the data on the colonization of restored streams by benthic macroinvertebrates, development 
of their assemblages in relation to flow and substrate conditions, and comparison of environ-
mental conditions and macroinvertebrate communities before and after the restoration. The 
results will be used for planning next stream restorations in the ŠNP in the future.

(iv) Common transboundary monitoring of bog pools was focused on the biodiversity of 
different aquatic invertebrates (zooplankton, benthic and free-swimming insects) and envi-
ronmental drivers of their communities. Altogether 54 pools from 22 groups of pools or re-
stored blocked ditches were investigated. Species and environmental data have been used to 
compare natural and artificially created bog pools, and to study relict and endangered aquat-
ic species inhabiting raised bogs.

(v) Long term research of the glacial lakes provides crucial information on recovery of 
terrestrial and aquatic ecosystems from atmospheric acidification and the role of forest dis-
turbances in water fluxes of nutrients and important elements in lake catchments. Within the 
Silva Gabreta project, a comparative study on pools and fluxes of major nutrients and eco-
logically important elements in the terrestrial and aquatic parts of both Plešné Lake and 
Čertovo Lake catchments has been conducted (kopáček et al. 2018a,b). The aim of this study 
has been to estimate nutrient losses and leaching of toxic aluminium forms from forest soils 
and their effects on aquatic biota. Similar study has been commenced in Rachelsee.

Monitoring of streams (i.e. stream monitoring in the BFNP, and both in the Vydra and 
Große Ohe catchments) was conducted using standard methodology based on the AQEM 
protocol (AQEM coNSorTium 2002, meier et al. 2006) to ensure compatibility of the data. 
Sampling of macroinvertebrates was based on a standard multi-habitat scheme designed for 
sampling of major mesohabitats proportionally according to their share within the sampling 
site (AQEM coNSorTium 2002). Each sample consisted of 20 plots of 0.25×0.25 m taken 
from all mesohabitat types with a share of at least 5% coverage at the sampling site. The 20 
plots were distributed according to the share of mesohabitats. Kick-samples were sampled 
using a standard hand net with 0.5 mm mesh size. In the Bavarian streams, Phylib method 
(SchaumBurg et al. 2012) was used for sampling of macrophytes, i.e. species cover was 
mapped. Diatoms together with other phytobenthos were sampled from the available sub-
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strate. Fish were sampled using electrofishing. Malaise traps were installed at 12 of 51 sites 
investigated in the BFNP in 2016 to sample adults of aquatic insects, especially Ephemerop-
tera, Plecoptera, and Trichoptera.

Different sampling methods were used for the monitoring of restored streams. At each 
sampling site, three mesohabitats, riffle, run and pool, were investigated. Macroinvertebrates 
were sampled semiquantitatively using a hand net with 0.25-mm mesh size. At each meso-
habitat, altogether five approx. 0.25×0.25 m plots were sampled and merged into one sample 
characterising one mesohabitat. Prior to sampling of each plot, water depth and velocity 
were measured using a Flo-Mate flowmeter and water samples for chemical analysis were 
collected (BoJková et al. 2015). Altogether, seven sites were located in the restored parts of 
streams (three in Hučina, two in Žlebský Potok, and two in Jedlový Potok) and five sites 
were located at reference sites nearby (one site in a near-natural part of Hučina and Žlebský 
Potok above their restored stretches, one site in the Studená Vltava stream and in the Teplá 
Vltava stream, i.e. in the recipients downstream the restored stretches, and one site at the 
channelized Jedlový Potok above the restored stretch). For more details on the methodology 
of this study see BoJková et al. (2015). Pre-restoration data are available only for two streams, 
Jedlový Potok and Žlebský Potok.

Bog pools were investigated using several sampling methods covering various aquatic 
organisms. Littoral benthic macroinvertebrates were sampled semiquantitatively by a stand-
ard hand net with 0.5 mm mesh size. Sampling effort was standardized by time, i.e. macroin-
vertebrates were sampled by sweeping by a net for five minutes. Free-swimming aquatic 
insects were collected by two light traps (one trap in littoral zone and the second one in open 
water zone). Moreover, two activity traps were set in littoral zone. All traps were exposed 
for 24 hours. Microinvertebrates (Rotifera, Cladocera and Copepoda) were sampled both 
qualitatively and quantitatively. Qualitative samples were taken by plankton net of 40 µm 
mesh size from four different part of each pool to cover its heterogeneity. Eight litres of 
quantitative samples were taken by a 2-l vessel and concentrated through a 40-µm mesh size. 
Littoral vegetation coverage was estimated. Depth and size of the pool, basic physical-chem-
ical parameters (temperature, dissolved oxygen concentration, pH, and conductivity) were 
measured at each pool and samples for water chemistry (total phosphorus, total nitrogen) 
and chlorophyll a concentration were analysed in the laboratory.

Long-term research of glacial lakes includes various research activities with complex 
methodology. Overview of research activities and references on methodology are available 
in vrBa et al. (2015). Comparative study on pools and fluxes of major nutrients and elements 
included in the Silva Gabretaproject in the catchments of Plešné and Čertovo lakes included 
monthly sampling of precipitation and lake water samples and annual sampling of litter of 
spruce and deciduous trees. The following parameters were analysed in water samples: Cl−, 
SO4

2−, NO3
−, F−, H+, NH4

+, Na+, K+, Ca2+, Mg2+, DOC, all forms of P, total and organic N. 
Aluminium and iron were analysed only in samples of lake water. Dry matter and total 
amount of Ca, Mg, Na, K, Al, Fe, Mn, P, C, and N were analysed in tree litter samples. More 
details on sampling and analytical methods are available in kopáček et al. (2018a,b). 

Project outPutS

The detailed field investigation of biodiversity of different ecosystems has provided impor-
tant data for both basic species inventory and evaluation of ecological changes driven by 
natural and anthropogenic disturbances. Our multi-taxa biodiversity monitoring delivered a 
large set of species records supplemented by environmental data. Field work was mainly 
done in the 2016 and 2017 seasons and processing of samples and species’ determination and 
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data analysis have continued until 2019. The first scientific papers have been already pub-
lished (e.g. FrieS et al. 2018, hilmerS et  al . 2018, in press, voNdrák & malíček, in prep.) 
and several others are under preparation. The common monitoring of forests offers a unique 
opportunity to analyse structural and biological diversity across the border and study the 
Bohemian Forest as a one ecosystem. The gained knowledge stimulates convergence of 
management of the both NPs and support preparation of common nature conservation pro-
jects.

Both newly established monitoring of mires in the BFNP and improved monitoring of 
mires in the ŠNP have delivered unique data sets enabling an evaluation of the restoration 
success. The preliminary results confirmed the importance of restoration and suggested that 
hydrochemical changes were more expressed in spruce mires than in raised bogs. Continu-
ation of mire monitoring and detailed statistical analyses of data are planned to evaluate 
long-term trends in local temperature, precipitation, and water level fluctuation in different 
types of mires, which could reveal possible effects of climate changes and/or current cli-
matic extremes on functioning of mires. Current monitoring of benthic macroinvertebrates 
colonising three restored streams (BoJková et al. 2017) and vegetation in their floodplains 
(čížková & padrTová 2018) in the ŠNP has delivered scientific support for planning of new 
restoration projects. The newly established monitoring of streams in the BFNP aims to pro-
vide unique data on an altitudinal distribution of benthic macroinvertebrates and its relation 
to effects of acidification and/or forest disturbances. Preliminary results are presented in this 
issue by BoJková et  al . (2018). Continuation of this monitoring will provide sufficient data 
for evaluation of the altitudinal shifts in species distribution induced by climate changes, i.e. 
complementary data to those from terrestrial forest monitoring (e.g. BäSSler et al. 2008, 
2010, FrieS et al. 2018).

BeuderT et al. (2018) evaluated long-term hydrological for the whole Bohemian Forest that 
clearly suggested some positive mitigation effects of natural disturbances in the NPs, which 
have offset current climate changes. The study on long-term trends in precipitation and run-
off in the Modravský Potok catchment (lamačová et al. 2018) similarly confirmed that bark 
beetle outbreaks and changes in forest structure did not affect runoff significantly. Higher 
runoffs were particularly correlated with higher precipitation, whereas the lower runoffs 
with lack of rain and snow, and similar trends are predicted also in future (lamačová et al. 
2018). Data from the long-term monitoring of both Plešné Lake and Čertovo Lake catch-
ments enabled to prepare the balance studies on pools and fluxes of major nutrients (kopáček 
et al. 2018a,b). 

New data from monitoring of effect of deicing salt to ecosystems along the roads in pro-
tected areas confirmed our assumption that Na+ and Cl– ions increased in the streams crossed 
with the roads maintained by deicing salt (zýval et al. 2018). Increasing concentrations of 
Na+ and Cl- ions were found also in soil samples collected along the roads maintained by 
deicing salt, both in BFNP (křenová et al., in press) and ŠNP.

All the above-mentioned scientific contributions have provided the basis for developing 
suitable management strategies to maintain and enhance biodiversity and ecosystem serv-
ices. 

The main project outputs planned in the project proposal included: extensive set of envi-
ronmental and species data, rich material from samples of various taxa prepared for con-
tinuing determination, and results of comparative studies form useful platform for meeting 
the following project outputs listed in the project proposal:
1) Implementation of the common monitoring design after the standardization of methodo-
logy.
2) Preparation of common biodiversity database for forest, mire and stream monitoring 
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data. 
3) Review of the practicability of applied monitoring designs for a long-term continuation 
within a monitoring program. 
4) Recommendations for a common management in the both NPs.
5) Common publication of the results and collaboration of Bavarian and Czech research te-
ams.
Part of these results are published on this issue together with several short papers delivering 
new information about hydrology and biodiversity, improving the Silva Gabreta Monitoring 
project knowledge.

concluSIonS

The Interreg project No. 26 “Silva Gabreta – Monitoring of biodiversity and water regime” 
has offered for the first time the possibility to implement a jointly prepared transboundary 
monitoring design. Except for the long-term cooperation in the glacial lake research, no real 
common monitoring activities of the both BFNP and ŠNP had existed in the Bohemian For-
est region until this Silva Gabreta Monitoring project has been implemented. The practical 
implementation of the common planned monitoring design with standardized methods set 
the starting point for a long-term, unified monitoring program in both National Parks. The 
collected data, results and experiences serves for the elaboration of recommendations for a 
common national park management. Knowledge gained from a close-to-nature reference 
area can substantially contribute to the enhancement of biodiversity and ecosystem services 
in other man-influenced biotopes and find here application. 
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Abstract
In central Europe, large strictly protected areas, such as the Bavarian Forest and Šumava National Park (NP) 
in the Bohemian Forest, and their management have come under public pressure after adopting a “benign 
neglect” approach concerning natural disturbances. Here the extensive dieback of Norway spruce by bark 
beetle (Ips typographus L.) raised concern about its regional eco-hydrological effects (i.e. runoff yields) and 
how they interact with the effects of prevailing climate change. To address these questions, we first analy-
sed the hydrological response of nine conterminous mostly forested catchments in the Bohemian Forest to 
changes in climatic factors. The catchments (39.1–333.9 km², mean elevation 800–1134 m a.s.l.) cover the 
Bavarian Forest NP and most parts of the Šumava NP along and across the Czech-German border. From 
1978 to 2013, independent of land use changes and physiographic features, regional summer runoff decre-
ased by 70 mm (−21% of long-term median) despite increased summer precipitation (51 mm, 8%), while 
winter runoff did not change (8 mm) although precipitation declined (−54 mm, −9%). This feature results 
from a timing effect in streamflow due to earlier snowmelt, which is driven by the regional warming in 
winter, especially in April, by about 3.3 K, irrespective of altitude. However, the overall decline in annual 
runoff yields (−59 mm, −7%), despite constant precipitation, is related to higher water vapour losses due to 
the increased air temperature in summer (1.5±0.3 K) while the long-term means varied between 8.9 and 
13.4°C depending on altitude. A dataset consisting of three sub-catchments inside the national parks (0.7–
89.7 km²) was analysed for disturbance effects (58–62% of catchment area) on precipitation runoff beha-
viour. The larger ones, Upper Vydra and Upper Große Ohe, strictly followed the overall trends in runoff and 
high flows in winter but did not show annual trends. An analysis of runoff precipitation ratio revealed a 
significant step change in the Bavarian Forest NP sub-catchments once cumulative disturbance exceeded 
30% area (1998/1999). After this step change, catchment evapotranspiration significantly decreased by 
62–120 mm and runoff increased to the same extent. The sub-catchment in the Šumava NP did not respond 
probably due to timing and/or scale effects. Overall, the observed declining trends in runoff yields were not 
caused by precipitation changes but were due to warming only. However, in small embedded catchments of 
the national parks, reduced evapotranspiration losses after bark beetle outbreaks and windthrow currently 
but temporarily compensate for climate change effects. Shifting streamflow from early summer to late 
winter is the common hydrological response of all catchments to warming, which in the longer term may 
negatively affect the water supply to vegetation and people in autumn. 
 
Key words: streamflow, climate change, natural disturbance, protected area, national park

IntroductIon

Streamflow changes due to climate change are reported from most parts of the world and 
comprise both increases and decreases depending on the size, timing and interrelation of 
regionally specific climatic factors. A global analysis of streamflow revealed increased stre-
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amflow in high latitude North America and Eurasia and projected increases of 10–40% by 
2050, while in Southern Europe decreased streamflow was reported with further decreases 
of 10–30% projected (Milly et  al . 2005, MilliMan et al. 2008). Stahl et al. (2010, 2012) 
found very similar regionally consistent trends (1964–2004) in annual streamflow, with ne-
gative signs in southern and eastern regions of Europe and positive signs in northern and 
western regions. Generally, streamflow trends in high latitude and western European regi-
ons are governed by increasing and/or seasonally altered precipitation, which balanced or 
exceeded concurrent opposing warming effects (Klein tanK et al. 2002). In eastern and 
southern Europe, however, streamflow responded negatively to the reduced annual precipi-
tation yields, increased temperature (european environMent agency 2017), and more 
frequent droughts (gudMundSSon & Seneviratne 2015). 

Apart from precipitation issues, many studies from snow dominated or influenced regions 
reported changes in streamflow timing and flood peaks due to earlier snowmelt by warming 
in winter and early spring (Mccabe & clarK 2005, Stewart et  al . 2005, wilSon et al. 
2010, renner & bernhofer 2011, dudley et al. 2017). In addition, increasing temperature 
and/or radiation input during summer alone, which in energy limited central Europe corre-
lates with evapotranspiration, should enlarge water vapour losses from catchments well 
supplied with water (teuling et al. 2009).

Despite this, in the Bohemian Forest region, streamflow did not change significantly 
between 1965 and 2015, corresponding to unaltered annual and summer precipitation (eu-
ropean environMent agency 2017). Former work on single catchment streamflow over 
varying periods did not report significant changes in annual runoff yields or precipitation 
but did reveal rising air temperatures (1953–2005, KliMent & MatoušKová 2008; 1961–
1998, buchtele et al. 2006; 1962–2008, KliMent et al. 2011). More recent studies attributed 
changes in seasonal streamflow of two high elevation catchments to earlier snowmelt and 
discussed the relevance of forest cover and vegetation change on discharge dynamics (bern-
Steinová et  al . 2015, langhaMMer et al. 2015). KlöcKing et al. (2005) and beudert et al. 
(2007) found altered runoff partitioning and increased precipitation related runoff following 
a large scale bark beetle outbreak. 

Land use change (führer et al. 2011, toMer & Schilling 2009) and disturbance of fo-
rest ecosystems by management (boSch & hewlett 1982, Sahin & hall 1995, andre-
aSSian 2004) or by windthrow and bark beetle outbreaks (adaMS et al. 2012, bearup et al. 
2014) are known to change streamflow. The magnitude of such disturbance effects might be 
sufficient to mask climate change effects. Moreover, post-disturbance succession of vegeta-
tion cover and its water demand proceeds continuously, which may also generate streamflow 
trends (JoneS 2011). 

In both the Bavarian Forest and Šumava national parks in the centre of the Bohemian 
Forest region, outbreaks of the host-specific Norway spruce bark beetle (Ips typographus L.) 
and windthrow led to extensive areas of dead spruce during the last 25 years. Concerns 
about the quality of drinking water and the moderation of floods could be allayed (beudert 
et al. 2015, bernSteinová et al. 2015). However, decreasing runoff yields and low flows in 
autumn especially, which indicate the availability of groundwater and thus drinking water, 
have frequently been attributed to the occurrence of disturbed or dead but unmanaged spru-
ce stands despite public awareness of regional climate change (i.e. spring warming, changes 
in phenology). To provide information and scientific evidence, we analysed the hydrological 
response of nine conterminous mostly forested catchments in the Bohemian Forest, covering 
the whole (Bavarian Forest) or a major part (Šumava) of the national parks and non-conser-
vation areas, to changes in climatic factors. Disturbance effects on streamflow in particular 
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were examined in three sub-catchments inside the national parks, which have been heavily 
affected by bark beetle outbreaks and/or windthrow. 

Two hypotheses about the drivers of observed eco-hydrological changes in our Bohemian 
Forest catchments were tested. (i) Rising air temperature has been the major driver of change 
in runoff yields. Increased energy input has altered the extent and timing of phase transitions 
of water depending on its seasonal occurrence. (ii) Extended changes in vegetation structure 
due to large scale bark beetle outbreaks has been decreasing evaporation losses thereby 
counteracting warming effects on streamflow.

The overarching goal of this study is to provide clarity and insight into man-made envi-
ronmental changes, which have the potential for threatening ecosystem services.

MaterIal and Methods

Catchments characteristics 
We selected nine catchments and three nested sub-catchments along and across the Czech-
-German border, which drain north-eastern and south-western slopes of the Bohemian Fo-
rest (Fig. 1). The German streams are tributaries of the Regen and Ilz streams, which belong 
to the Danube River basin and thus to the Black Sea drainage system. The Czech streams 
belong to the Vltava/Labe (Elbe) River basin, which is a part of the North Sea drainage sys-
tem (Fig. 1). The study area covers 1 156 km2 with an elevation range of 1016 m between 
440 m a.s.l. (gauging station Schönberg, Große Ohe catchment) and 1456 m a.s.l. (Großer 
Arber summit, Weißer Regen catchment). 

Fig. 1. Digital terrain model of the study area in the Bohemian Forest with nine catchments (black line) and 
three sub-catchments (white line) along and across the Czech-German border. The gauges (black triangle) 
and the name of the catchments are indicated. The location of regional climate and precipitation stations is 
shown (white symbols). 
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The bedrock in this part of the Bohemian massif consists of magmatic (mostly granite) 
and metamorphic rocks (paragneiss, migmatite, orthogneiss), which are overlain by quater-
nary sediments, mostly periglacial solifluction deposits and fluvial sediments (rohrMüller 
et al. 2000, šefrna 2003, babůrek et al. 2013). Fissured rock and lower regolith form the 
aquifers which in the Bavarian Forest NP catchments contribute more than 50% to annual 
runoff (beudert et  al . 2007) and maintain the low or drought flow of streams. Predominant 
soils are acid cambisols with varying contents of coarse material and with differently marked 
signs of podsolization (kryptopodzol), rankers and initial soils. The share of mineral and or-
ganic wet soils and bogs differs between the Czech and German catchments due to topogra-
phy as could be shown for the Upper Große Ohe (25%) and Upper Vydra (46%) (bernSteino-
vá et al. 2015). 

The catchments were selected according to the length of continuous discharge records in 
order to cover a substantial period for the detection of long-term runoff trends – in our case 
36 years (1978–2013). On the German side, Weißer Regen (WR, Lohberg), Großer Regen 
(GR, Zwiesel) and Kleiner Regen (KR, Lohmannmühle) in the Regen basin as well as Große 
Ohe (GO, Schönberg), Kleine Ohe (KO, Grafenau), Reschwasser (RW, Unterkashof), and 
Saußbach (SB, Linden) in the Ilz basin fulfilled this requirement. On the Czech side only 
Otava (OT, gauging station Rejštejn) and Teplá Vltava (TV, Lenora) offered such long-term 
records. However, the size of the Czech (511 km²) and German (645 km²) parts of the study 
area are comparable. It covers the whole (Bavarian Forest) or a major part (Šumava) of the 
national parks, as well as non-conservation areas. Additionally, the nested headwater cat-
chments of the Upper Große Ohe (UGO, Tafelruck), Forellenbach (FB, Schachtenau), and 
Upper Vydra (UV, Modrava) were included for a more detailed study of precipitation runoff 
behaviour (Fig. 1). 

The catchments vary markedly in size from 39.1 km² (WR) to 175.7 km² (GO) in the Re-
gen system and from 0.7 km (FB) to 89.6 km (SB) in the Ilz system, while in the Czech cat-
chments cover respectively 89.7 km² (UV) to 333.9 km² (OT) (Table 1). 

The minimum elevation (gauging station) ranges between 440 m a.s.l. (GO) and 
973 m a.s.l. (UV) while maximum elevation varies in a narrow range from 1263 m a.s.l. (SB) 
to 1456 m a.s.l. (WR). UV has the highest mean catchment elevation (1134 m a.s.l.) but also 
the lowest slope (5.8°) whereas, in contrast, WR has an intermediate average elevation 
(918 m a.s.l.) and the steepest slope (13.5°). Generally, mean slope is lower in the Czech cat-
chments (5.8–8.1°) than in the German catchments which vary between 8.2° (SB) and 13.5° 
(WR). 

The land cover is predominantly forest (73–98%) with the remaining vegetation made up 
of fens and peat bogs at higher elevations and agricultural crops and meadows in the lower 
parts of the larger catchments (Table 1). Norway spruce (Picea abies (L.) Karst.) accounts 
for about 70% of the forested area in the German catchments and even more in the Czech 
catchments. UV, UGO and FB are completely located inside the national parks and cover 
mostly their core zones. Excluding WR, which is completely outside the parks, the cat-
chment areas are comprised of 1% (SB) to 93% (OT) national park.

By 2013, the areas disturbed by the host-specific spruce bark beetle (Ips typographus L.) 
and windthrow accounted for 62% (UV), 58% (UGO) and 61% (FB) of the purely national 
park catchments. The respective percentages in all other catchments (Table 1) ranging from 
3% (SB) to 60% (RW) refer to the national park area only, as the extent of harvested or sal-
vage-logged bark beetle or windthrown areas outside the national parks is unknown. Related 
to the whole catchment (Fig. 2), the respective percentage of disturbed area reduced to <1% 
(SB) and 38% (RW). This approach necessarily disregards disturbance effects (disruption of 
the water and element cycle) by regular forest or other management practices. The cumula-
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tive course of disturbed spruce stands differed between the national parks (Fig. 2). German 
catchments showed a bi-modal course which levelled off in the late 2000s, when Czech 
catchments were subject to a pronounced increase following the hurricane Kyrill in January 
2007. 

Mean annual runoff Q (Table 1) varied between 549 mm (TV) and 1 228 mm in the high 
elevation headwater catchment UV. But Q differs considerably (385 mm) between TV and 
GR, which are of same catchment size, but GR of lower minimum and mean elevation. This 
refers to the rain shadow effect that the summit region along the border creates at easterly 
located areas. 

The meteorological divide can also be demonstrated by means of long-term (1978–2013) 
annual precipitation yields (P), which differ markedly between stations located west and east 
of the summit line (Table 2). P at Churáňov (1118 m a.s.l.) was 1 119 mm.y−1 and thus smaller 
than at Waldhäuser (1 382 mm.y−1), which is lower-lying (940 m a.s.l.) but west of the summit 
line. Moreover, it was equal to Grainet (1 131 mm.y−1) which is located almost 500 m lower 
than Churáňov and south of it. 

Annual means of air temperature (T) decreased with altitude from 5.7°C (804 m a.s.l.) to 
4.8°C (1118 m a.s.l.) at Czech stations and from 7.4°C (596 m a.sl) to 3.5°C (1436 m a.s.l.) at 
German stations (Table 2). While the long-term variability of T is the same across all stati-
ons, mean T related to altitude is lower at Czech than at German sites as indicated by lower 
values at Lenora (804 m a.s.l.) than at Waldhäuser (940 m a.s.l.).

Data sources and preparation
Long-term discharge records (Table 1) and climate time series (Table 2) in daily resolution 
were obtained from publicly available sources: Bavarian climate and precipitation data from 

Fig. 2. Cumulative development of disturbed forests (% catchment area). Czech and German catchments are 
indicated by broken and solid lines, respectively: Weißer Regen (WR), Großer Regen (GR), Kleiner Regen 
(KR), Große Ohe (GO), Kleine Ohe (KO), Reschwasser (RW), Saußbach (SB), Otava (OT), and Teplá Vltava 
(TV); subcatchments: Upper Große Ohe (UGO), Forellenbach (FB), and Upper Vydra (UV). 
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the German Meteorological Service, Bavarian Forest NP (station Waldhäuser), and Bavarian 
State Institute of Forestry (Racheldiensthütte and Waldschmidthaus stations); Bavarian dis-
charge data from the Bavarian Hydrological Service, except for gauge Schachtenau (Forel-
lenbach), which was provided by the Federal Environment Agency, and all Czech data from 
the Czech Hydrometeorological Institute. 

Daily discharge data were divided by catchment area to get runoff depths (mm) of annual, 
seasonal (hydrological quarter and half years, beginning in November) and monthly runoff, 
as well as the highest and lowest daily runoff for each month. Monthly runoff data were 
checked for inhomogeneity using break point procedures (see below). Weak inhomogeneity 
was only found for KR (1992), KO (1998), and TV (1984), but regarded as transient and not 
substantial when mass curves were visually assessed. 

Daily records of snow depth and snow melt dynamics were taken from Churáňov, Lenora, 
Waldhäuser, and Regen climate stations. The reference crop evapotranspiration for grass 

Table 2. Regional stations used to calculate climate characteristics and to test for trend (1978–2013). Means 
(± standard deviation) of precipitation (P) and air temperature (T); * – snow records available; the code 
designates the catchment (see Table 1) for which the station data are used to calculate an area based preci-
pitation proxy as input into the linear-mixed model.

 Station Code Coordinates Elevation P T
(m a.s.l.) (mm.y−1) (°C)

Churáňov * TV N49.0673 / E13.6114 1118 1119±157 4.8±0.8

Lenora * TV N48.9334 / E13.7677   804   869±121 5.7±0.8

Großer Arber1) GR N49.1130 / E13.1342 1436 1491±199 3.5±0.7

Waldhäuser KO N48.9323 / E13.4650   940 1382±200 6.0±0.7

Grainet – N48.7893 / E13.6291   628 1131±172 7.3±0.8

Oberviechtach – N49.4520 / E12.4366   596 810±134 7.4±0.8

Filipova Huť – N49.0284 / E13.5175  1112 1229±137

Borová Lada – N48.9915 / E13.6622   892   963±149

Železná Ruda OT N49.1362 / E13.2278   763 1273±201

Kvilda OT N49.0515 / E13.5680 1052 1164±164

Regen * WR N48.9662 / E13.1426   583   985±119

Brennes WR N49.1346 / E13.1462 1040 1590±225

Zwieslerwaldhaus GR N49.0923 / E13.2487   699 1360±205

Waldschmidthaus KR N48.9746 / E13.3864 1350 1766±258

Buchenau KR N49.0315 / E13.3272   740 1349±187

Racheldiensthütte GO N48.9555 / E13.4261   875 1585±227

Schönberg GO N48.8398 / E13.3401   547 1095±143

St. Oswald KO N48.8859 / E13.4261   754 1095±160

Mauth-Finsterau RB N48.9359 / E13.5747  1011 1286±200

Röhrnbach RB N48.7789 / E13.4946   533 1060±134

Philippsreuth SB N48.8807 / E13.6633   917 1306±206

Waldkirchen SB N48.7237 / E13.6058   617 1142±153
1) 1983–2013
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(doorenboiS & pruitt 1977) was calculated by using the radiation-based approach of prieS-
tley & taylor (1972) hereinafter used as a proxy of potential evapotranspiration and named 
ETP. The net radiation balance was derived according to FAO Guideline 56 (allen et al. 
1998) based on daily temperature, relative humidity (RH), actual sunshine duration records 
(SD) and extra-terrestrial radiation using an albedo of 0.23. A fixed factor of 1.26 on the 
radiation component which is valid in humid environments (JenSen 1992) was used to take 
the aerodynamic component into account. Due to data requirements, ETP was calculated for 
Churáňov and Waldhäuser station only. 

Catchment precipitation of UGO (1980–2013) and FB (1992–2013) was based on P records 
from six monthly totalizing samplers and calculated according to KlöcKing et  al . (2005) 
including Racheldiensthütte and Waldschmidthaus (Table 2). Catchment P of UV (1980–
2013) was taken from langhaMMer et al. (2015). For the other catchments, the available 
data or model results of catchment P required for sound analyses on precipitation–runoff 
behaviour are lacking. 

Data gaps in monthly P records for UGO (20 out of 2 448 monthly values) were filled 
using best fit monthly transfer functions according to KlöcKing et  al . (2005). This procedu-
re was also applied to all other stations based on the complete Churáňov and Waldhäuser data 
sets, respectively. The time series of UV catchment P was extended to 2013 by using Filipo-
va Huť data.

For the linear mixed-effects model only (see below), a surrogate of catchment P was ge-
nerated by averaging monthly records of the two nearest high and low elevation stations 
(code in Table 2). Catchment P of the three nested catchments was taken as such (see above). 
A proxy of monthly mean catchment T was generated by applying mean monthly lapse rates 
between the next high and low elevation climate stations (Table 2) adjusted to mean cat-
chment elevation. 

Catchment morphological characteristics were derived from the Aster Global Digital Ele-
vation Model provided by NASA (2009). Vegetation characteristics were extracted from the 
Corine Land Cover 2006 database published by european environMent agency (2016), 
the Official Topographic Information System provided by the Bavarian Agency for Digitisa-
tion, High-Speed Internet and Surveying (https://www.ldbv.bayern.de/) and the spatial da-
tabases obtained from the Bavarian Forest NP and Šumava NP. Bark beetle infested and 
wind thrown spruce trees for both data sets were identified on annually recorded colour-in-
frared images (lauSch et al. 2011) and aggregated to a cumulative curve over time. The 
spatially distributed datasets were analysed by the Arc Editor 10.1 Spatial Analyst Tools 
package (ESRI).

Statistical analysis
The homogeneity of Q data was checked using ANKLIM-software package (štěpánek 
2005). All single series except UGO were proved homogeneous. Q of UGO, FB and UV, the 
heavily disturbed nested catchments inside the national parks were additionally tested 
against Q in WR, which is forested to a similar extent, under regular forest management 
outside the national parks and free of inhomogeneity over the period of comparison (reeveS 
et al. 2006). 

In the second approach, the annual runoff coefficient (Q.P−1) was calculated by expressing 
annual runoff (R) as a fractional percentage (%) of annual catchment precipitation (P). This 
approach was confined to the nested catchments for which catchment P were available (UV 
and UGO since 1980, FB since 1992). Q.P−1 is an additional measure to disentangle the im-
portance of changes in P and/or vegetation (velpuri & Senay 2013) from changes in Q. The 
“segmented regression with breakpoint” procedure (SegReg, ooSterbaan 1994) was 
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applied to detect significant changes (step changes, inflection points) in Q.P−1 over time. The 
SegReg procedure partitions an independent variable (time) into two intervals and calculates 
separate line segments for each interval. The breakpoint was checked using ANKLIM-soft-
ware package (štěpánek 2005). 

For UGO and FB, the same step change was detected by using both approaches, thereby 
determining the before and after period (SMith 2002). Differences in mean values of P and 
Q and their balance between these periods were tested by a two sample T-test and checked 
by the Mann-Whitney-test using the “Real Statistics Resource Pack software” (Release 4.3, 
www.real-statistics.com, 2016). According to the geological and geomorphological conditi-
ons (see above), extensive aquifers and deep groundwater loss are absent in this landscape. 
Consequently, differences in sub-surface water storage are negligible in longer term mean 
hydrologic budgets (hudSon et al. 1997), which justifies the use of the catchment balance as 
a proxy of actual evapotranspiration (ETA).

Meteorological and hydrological data sets were tested for linear trends during the 1978 to 
2013 hydrological years by using the Mann-Kendall non-parametric test. The Regional Ken-
dall test for spatial consistency of trends was applied on P data of the Czech (n = 6) and the 
German side (n = 14) and the whole study area, and on German Q data (n = 7) and the who-
le study area (n = 9) by using the “Kendall-Family of trend tests” (helSel et al. 2006). For 
the Czech part of study area (n = 2), a mean regional Q was calculated by weighting Q with 
size of the two catchments to allow the application of the Mann-Kendall test. Regional T 
trends are presented as arithmetic means (± standard deviation) over five stations. The trend 
is given as the difference between the last and the first value of the regression line of any 
parameter emphasizing that the magnitude of any change is restricted to the period it was 
calculated for and improving readability. An a priori test for autocorrelation (“acf” package) 
in Q data using R 3.1.3 (www.r-project.org) resulted in a weak correlation at a lag of 7 in very 
few data sets only.

A linear-mixed effect model was performed to investigate the influence of catchment size, 
elevation, and slope, the proportion of forests and of T and P as the main drivers on log-
-transformed Q measures. The function “lme” (R package lme4) was applied on T, P, and Q 
in monthly/seasonal/annual resolution. In addition, the proportion of area inside the national 
park has been considered as a proxy of disturbed forests in the model, since relevant data 
from forests outside the national parks were not available. In the model, we accounted for 
repeated measurement using sub-catchment as a random effect. Furthermore, we considered 
a correlation structure representing first order autocorrelation. For all comparisons within 
and among the models, we used standardized effect sizes of the parameter estimates using 
an expected mean of 0 (t-values = estimates divided by the respective standard error, values 
≥2 and ≤−2 exceed p<0.05). We report conditional (variance explained by both fixed and 
random factors, i.e. the entire model) and marginal (variance explained by fixed factors) 
coefficients of determination (Pseudo-R-squared for Generalized Mixed-Effect models, fun-
ction “r.squaredGLMM” from R package MuMIn). Collinearity was checked by calculating 
the variance inflation factor according to o’brien (2007), which was <<3 between all ex-
planatory variables and thus far below the typical thresholds of 5 or 10. For all statistical 
procedures, the significance level was set to p<0.05.

results 
Our analysis of runoff yields in the Bohemian Forest catchments revealed consistent changes 
in Q and its seasonality but not in low and high flow measures. All are strongly related to the 
drastic warming trend, while precipitation was constant. In contrast, disturbance effects on 
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Q are only discernible in the small national park sub-catchments. 

Drivers of hydrological response in the Bohemian Forest catchments
The linear mixed-model explained 34% and 56% of variation in Q measures (Table 3). Nei-
ther physical site conditions such as area size, elevation and slope, nor vegetation and land 
use characteristics exerted any significant influence on hydrological catchment response. 
Precipitation (P) is the main driver (p<0.001) of Q concerning both the seasonal sum and the 
extremes, but this is more pronounced in summer than in winter. In winter, T is a compa-
rably strong positive driver (p<0.001), especially for the minimum daily sum. High T is 
linked to a higher portion of liquid P and to Q generation via snow melting which, on 
a monthly basis, frequently occurs independently from precipitation. In summer, however, 
T exerted a much smaller but significant negative effect on Q yields and maximum daily 
sum while the minimum was not affected. Generally, in summer high T is linked to stable 
weather conditions with less P but higher evapotranspiration losses in this region.

Model runs using seasonally and annually aggregated values of P, T and Q confirmed 
these results regarding both insignificant effects of catchment characteristics on Q measures 
and also significant effects of T.

Changes in runoff and its seasonal distribution
From 1978 to 2013, the nine non-nested catchments showed decreasing Q, ranging from 
−82 mm (TV) to −32 mm (OT) but a single significant change (p<0.05) was in RW only. 
Regional Q in the German and Czech part changed by −55 mm and −58 mm, respectively, 
and by −59 mm (p<0.05) for the whole study area (Fig. 3).

This is first of all the result of an overall drop in summer Q of −70 mm (p <0.001), or 
−73 mm (p<0.001) and −67 mm (p >0.05) in the German and Czech part, respectively. The 
change in single catchments varied between −39 mm (WR) and −122 mm (RW, p <0.05). 
This decrease originated mainly from an overall decrease in early summer (May to July) of 
−58 mm (p <0.001) and, respectively, −62 mm (p <0.001) and −52 mm in the German and 
the Czech part. More precisely, the reduction in summer Q was mainly due to the May con-
tribution of −47 mm (p<0.001) for the whole study area, −48 mm (p<0.001) in the German 

Table 3. T-values of variables in a mixed linear model explaining log-transformed runoff (monthly sum, 
minimum and maximum daily sum) of nine catchments and three sub-catchments. Significant values are in 
bold (p<0.001) and italics (p<0.01).

Period: Winter Summer
Parameter Sum Minimum Maximum Sum Minimum Maximum

(Intercept)   3.4   1.1   0.1   3.1 −1.6 −0.6

T (°C) 28.2 22.4 18.5 −6.2  −1.9 −11.9

P (mm) 21.0   3.9 29.8 31.6   7.2  49.8

Area (km²) −0.7 −0.5 −0.8 −0.9 −0.6 −1.2

Mean elevation (m a.s.l.)   0.7 −0.1   1.3   1.1   0.6   1.3

Forest (%)   0.9   1.6   0.1   1.1   1.4   0.5

National park (%) −0.6 −0.8 −0.1 −0.2 −0.8   0.8

Mean slope (°) −0.3 −0.7 −0.3 −0.3 −0.8   0.0

R2m 0.29 0.19 0.29 0.29 0.11 0.51

R2c 0.39 0.34 0.37 0.40 0.34 0.56
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and −54 mm (p<0.05) in the Czech part individually and, mostly significantly, in each single 
catchment ranging from −33 mm (SB) to −71 mm (RW). 

Secondly, regional Q in winter changed little in both the German and Czech parts 
(+19 mm, −27 mm, respectively); change rates varied between −62 mm (TV) and 39 mm 
(GO) (Fig. 3). For the whole study area, changes were mostly negative from November to 
January (−24 mm) and positive from February to April (27 mm), which in all catchments 
developed mostly in December (−22 mm, p<0.001) and March (+24 mm, p<0.001), summing 
up to a zero-change (8 mm). 

Changes in the maximum daily Q (not shown) generally followed the changes in Q sum. 
A rise in winter (1.6 mm, p<0.05) was due to an increase in March (2.3 mm, p<0.01). In sum-
mer, the maximum Q decreased by (−2.3 mm, p<0.01) due to a drop in May (−3.4 mm, 
p<0.01). The minimum daily Q did not change in a comparable manner across all seasons 
and months, with the exception of March (+0.3 mm, p<0.05) and May in which it declined 
in all catchments (−0.7 mm, p < 0.001).

Nested catchments showed smaller changes of annual Q, 27 mm (UGO) and −13 mm 
(UV), and the same changes in summer (−85 mm and −82 mm) compared to the superordi-
nate catchments. In contrast, changes in winter Q were more pronounced (129 mm and 
52 mm). Marked monthly increases (p<0.05) were observed in UGO (70 mm) in March and 
in UV (91 mm) in April, which contribute to the common picture of increasing Q in winter. 
In March, the maximum daily Q increased by 6 mm and 8 mm in UGO and UV, and in April 
also for UV (p<0.05), which in most other catchments showed declining daily maxima. 

Fig. 3. Median (dots) and extreme (vertical lines) changes in runoff yield (left) of 9 catchments over sea-
sons, hydrological half-years and years (1978–2013). Filled circles: p<0.05 according to Regional Kendall 
test results. 
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Fig. 5. Mean change and standard deviation in monthly mean air temperature at five stations (1978–2013). 
Filled squares indicate statistical significance at all stations of p<0.05, and for April (p<0.001). Hatched fills 
indicate one-directional changes at all stations, though not significant at all stations. 

Fig. 4. Mean changes in precipitation yields at 6 Bohemian and 14 Bavarian stations and for the whole study 
area over seasons and years (1978–2013). Filled symbols: p<0.05 according to Regional Kendall test results. 
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Changes in climatic elements and their seasonality
Mean precipitation (P) varied from 869 mm at 804 m a.s.l. to 1 766 mm at 1350 m a.s.l. The-
re is an overall positive correlation (p<0.05) of P to elevation for all seasons. The lapse rate 
of annual P for the whole study area was 0.56 mm.m−1 (p<0.01), and that of German stations 
only 0.66 mm.m−1 (p<0.001). Except Železná Ruda in the north of the study area, at a given 
height, P was higher on the German than the Czech side underpinning the rain shadow effect 
the summit range exerts along the border. At all stations, changes in monthly P were mostly 
insignificant due to high year-to-year variability, with a few exceptions for May (increasing). 
The change in annual P varied between −142 mm and 134 mm and its magnitude was inde-
pendent of elevation (not shown).

For the whole study area, there was an increase in summer P (51 mm, p<0.002) and a 
decrease in winter P (−54 mm, p<0.002) resulting in unaltered annual yields (3 mm, Fig. 4). 
But there were regional differences: in the Czech part, the increase in summer (89 mm, 
p<0.001) was larger than in the German part (30 mm), while the decrease in winter was 
smaller (−43 mm) than in the German part (−60 mm, p<0.01). Overall, P changes were more 
positive (less negative) at Czech than at German stations. Changes in winter occurred from 
November to January (−57 mm, p<0.001), but exclusively at German stations (−61 mm, 
p<0.001). Summer P increased from May to July in both the Czech (72 mm, p<0.001) and the 
German part (36 mm, p<0.01). This increase developed mostly in May and at all stations.

Air temperature (T) showed marked changes of similar size at all stations across the study 
region (Fig. 5). December was the only month with a small negative change and March was 
without change. For May to August, an increase of about 2 K (1978–2013) was found (p<0.05 
at least) while the average rise in April by 3.3 K was highly significant at all stations. Thus, 
regional spring and summer warming occurred in a sequence of five consecutive months. In 
summary, T of winter and summer season increased by 1.3 K (p<0.1 at least) and 1.5 K 
(p<0.05 at least) respectively, resulting in a warming of 1.5 K (p<0.01 at least) for the whole 
year. The small standard deviations show that warming in spring and summer is a common 
transboundary feature in this region. In autumn and winter, however, larger deviations point 
to the site specific topographic influences. 

Warming in late winter moved the date of final snow melt by six weeks from 22 April to 
10 March at the lowest station (583 m a.s.l., Regen, p<0.001) (Fig. 6) and tended to move by 
three weeks from 7 May to 20 April at the highest station (1118 m a.s.l., Churáňov). At me-
dium elevations (804–945 m a.s.l.), it moved from April/May to March/April by about four 
weeks (p<0.001). The snow cover period in autumn began nine to 32 days earlier (Regen, 
p<0.01), or remained unaltered (Lenora). Consequently, the length of the snow cover period 
did not change (Churáňov), or tended to decrease by 11 to 18 (Regen, Waldhäuser), or decre-

Fig. 6. Trends in final day of snow cover at German and Czech climate stations. Solid regression line 
indicates p<0.05. Note that the period for time series analysis was 1978–2013 for German stations and 
1980–2011 for Czech stations. 
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ased by 36 days (Lenora, p<0.05). Moreover, the maximum snow depth ranging from 
39±20 cm at 583 m a.s.l. up to 137±22 cm at 945 m a.s.l. did not change, indicating no change 
in the maximum snow water equivalent at any elevation. Annual snowfall at Regen 
(187±82 cm) and Waldhäuser (410±114 cm) tended to decrease by 41 cm and 112 cm. But, due 
to the exceptional warming in April, snowfall in this month decreased by 4 cm (p<0.05) and 
20 cm (p<0.01), which equals the long-term mean at both sites.

Mean actual vapour pressure increased by about 16% at Churáňov (p<0.001) and 17% at 
Waldhäuser (p<0.001) in the summer half-year (Table 4), mostly generated from May to 
August. Saturation vapour pressure increased by about 10% at both stations due to warming 
(see above), the saturation deficit slightly decreased or remained constant and relative humi-

Table 4. Absolute and relative changes in relative humidity (RH), actual vapour pressure (ea), saturation 
deficit (es−ea), sunshine duration (SD) and potential evapotranspiration (ETP) of the summer half-year at 
Churáňov (1978–2011) and Waldhäuser station (1978–2013). 

Station Change SD (hours) RH (%) ea(hPa) es–ea (hPa) ETP (mm)

Waldhäuser absolute  113   3,8    1.7   −0,5    44

relative 12%  5%  17% −15%  11%

significance   n.s. 0.05 0.001     n.s. 0.001

Churáňov absolute      3   5,9    1.5     0,0     23

relative  0%  8%  16%   −1%   6%

significance  n.s. 0.05 0.001     n.s.   0.05

Fig. 7. Time series of summer potential evapotranspiration (ETP). Solid regression line: Waldhäuser, 
p<0.001; dotted regression line Churáňov, p<0.05. 
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dity increased (p<0.05). Therefore, changes in ETP which increased (Fig. 7) by 23 mm (6%, 
p<0.05) and 44 mm (11%, p<0.001) most probably equate to changes in ETA. 

At Waldhäuser, sunshine duration increased in summer (113 hours) and even more great-
ly in winter (149 hours, p <0.01). At Churáňov, sunshine changed in winter only (51 hours). 
Warming in winter (see above) also led to similar changes for the whole year concerning 
direction and significance of changes in vapour pressure conditions. Annual ETP significa-
ntly increased by 44 mm (9%) and 65 mm (13%) at Churáňov and Waldhäuser. 

Disturbance effects on catchment hydrology 
In UGO and UV (1980–2013), catchment P and Q were free of trends. Moreover, the rate of 
change in Q was small or even positive (+27 mm, −13 mm) compared to superordinate cat-
chments. Homogeneity tests of Q against time and WR reference data series revealed a sin-
gle step change between 1998 and 1999 for both UGO (p<0.05) and FB. The same step 
change (p<0.05) in annual runoff coefficient Q.P−1 was detected by the SegReg approach 
(Fig. 8) for both the 1980–2013 (UGO) and the 1992–2013 (UGO, FB) study period. Q.P−1 
increased from 60% to 64% (UGO, p<0.01) and, in the shorter period, from 59% to 64% 
(UGO, p<0.01) and from 59% to 68% (FB, p<0.001), respectively. 

Fig. 9. Mean difference (mm.y−1) of annual precipitation (P), runoff (Q) and evapotranspiration (ETA) in 
UGO and FB between the periods before (1980/1992–1998) and after (1999–2013) the common step change 
shown in Fig. 8. * p<0.05, **  p<0.01, *** p<0.001.

Fig. 8. Cumulative course of bark beetle and storm disturbed area (left axis, grey area) and annual runoff 
coefficient (Q.P−1 – right axis, dots) in Upper Große Ohe (UGO), Forellenbach (FB), and Upper Vydra (UV) 
catchments. Thick black lines indicate mean Q.P−1 in the periods before (UGO only) and after the significant 
step change in 1998/1999 (UGO, FB), except for UV which is free of changes over the whole study period; 
thin lines indicate mean Q.P−1 for the 1992–1998 period only, to compare UGO and FB. Note that regular 
surveys of disturbed areas were launched in 1989 (Bavarian Forest NP) and 2003 (Šumava NP).
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Mean P did not differ between the periods before and after the step change (25 mm and 
40 mm) in both catchments (Fig. 9). However, mean Q increased by 103 and 127 mm (UGO, 
p<0.08) and 147 mm (FB, p<0.04) after 1998/1999. In UGO, the catchment balance as a pro-
xy of ETA declined by 62 mm (−10%, p<0.03) and 90 mm (−13%, p<0.01) to 581±91 mm. In 
FB, ETA decreased even more after the step change (−120 mm, −19%, p<0.01) to 513±92 mm. 

This common step change coincides with the occurrence of about 30% cumulative distur-
bed catchment area in both catchments. Linear trends in ETA (not shown) accounting for 
−70, −105, and −142 mm, respectively, are weakly significant at most but in general support 
the magnitude of change derived from the before-after approach. In contrast, UV did not 
present any change in Q.P−1 or in P, R, and ETA. Compared to UGO and FB, whose dyna-
mics of disturbed area was synchronous, UV showed an accelerated course of forest distur-
bance after 2007 (25% catchment area), fuelled by storm damages, when bark beetle outbre-
ak in UGO and FB had already levelled out.

dIscussIon

Our analysis of runoff yields in the Bohemian Forest catchments revealed an overall decre-
ase and an overall seasonal shift irrespective of catchment characteristics. Rising air tempe-
rature in late winter and summer was the major driver of change while precipitation did not 
change. Large scale bark beetle outbreaks and windthrow in heavily affected sub-catchments 
of the national parks reduced the forest cover and thus evapotranspiration losses, thereby 
counteracting warming effects on streamflow.

The significant decrease in annual streamflow in our study area does not fit the results of 
recent regional studies, which did not find significant changes in Q in the Bohemian Forest 
(buchtele et  al . 2006, KliMent & MatoušKová 2008, KliMent et al. 2011, bernSteinová et 
al. 2015, langhaMMer et  al . 2015). On the larger scale, the basin of the River Danube upstre-
am of Vienna has shown stable runoff since 1887 (Kling et al. 2012). Moreover, Stahl et al. 
(2010, 2012), Milli et al. (2005), and MilliMan et al. (2008) in their European and global 
scale analyses even revealed increasing Q in this region, like most streams in central and 
northwestern Europe. The most confounding factor might be the varying length and the 
starting date of the study period (wilby et al. 2008), which in our study was in 1978 and 
thereby later than in the studies cited. It was dependent on the start of hydrological monito-
ring programmes in the Große Ohe catchment in 1976 (beudert & gietl 2015). In addition, 
monitoring of forest status by analysis of aerial pictures started at the end of the 1980s. So, 
the study period of 36 years spans the whole period before, during and after the major dam-
ages by bark beetle, which enables this study on disturbance versus climate change effects 
on precipitation runoff behaviour. 

Climatic drivers of the change in annual streamflow 
The significant decrease of annual Q in our study area did not coincide with a parallel 
change in annual P, which usually is the dominant driver and, for example, explains 86%, 
80%, and 54% of annual runoff variability in UGO, FB, and UV, respectively. This again is 
contrary to the above mentioned findings, which showed concurrently unaltered P and Q in 
the Bohemian Forest or slightly increased P on a larger scale, although seasonal changes may 
have occurred (european environMent agency 2017). There is some spatial difference in 
P changes in our study area, as annual yields on the Czech side (+52 mm) tend to increase, 
while on the German side conversely to decrease (–35 mm). However, there is also uncer-
tainty in the relevance of these non-significant findings which would increase and decrease 
the respective changes in Q. The spatial coverage by P stations is quite different between the 
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Czech and the German part (6 vs. 14) and presumably too coarse bearing the complex ter rain 
in mind. However, the significant and concurrent trends in both regions in winter and sum-
mer P (Fig. 4) have been proven to be consistent in the whole study area and can be used in 
further discussion.

The overall negative change of Q (−59 mm), which reflects an increase in the catchment 
balance as P was constant, is consistent with positive changes of annual ETP (44–65 mm) at 
two analysed climate stations (Fig. 7). The latter increase of 9–13% followed the change in 
vapour saturation pressure according to clauSiuS-clapeyron (~7% K–1) when temperature 
rises by 1.5 K (Fig. 5). Despite this ETP, according to prieStley & taylor 1972, is a con-
servative estimate of evapotranspiration in these forested catchments, considering the mean 
catchment balance in UGO (614±89 mm) for example, the magnitude of change can be taken 
as a trend estimate in catchment evapotranspiration, which in this humid region is limited 
by available energy (budyoKo 1974, cit . in Zang et al. 2001). Very similar results of incre-
asing ETA since the mid-1970s are reported from mountain watersheds in the Appalachian 
Mountains in the Eastern USA (caldwell et al. 2016). Further USA LTER-catchments at 
sites with water surplus offered ETA even higher than expected from T increase (JoneS et  
al. 2012). Zhang et  al . (2012) derived increasing ET from satellite data in wet regions of the 
world like central to northern Europe. teuling et al. (2009) as well as MatSouaKaS et al. 
(2011) stressed the close correlation between ETA and available energy, especially in central 
Europe, and Kaye et al. (2013) reported concurrently increasing ETP and ETA in England 
and Wales. Also in our study catchments, T exerted a significant negative effect on Q during 
summer (Table 3). Thus, there is strong support from climatological literature that increasing 
evapotranspiration losses due to warming could be a major driver of decreasing Q in all 
catchments of our study area. 

Land use and gradual vegetation change as drivers
Despite this initial attribution of changes in Q to warming, other factors influencing the P–Q 
behaviour must be tested to avoid erroneous conclusions about climate change effects (JoneS 
2011): human water consumption and land-use change, and gradual vegetation change fol-
lowing disturbances. 

In Regen and Freyung-Grafenau county, which completely enclose the German cat-
chments, population size did not change since 1987 and may have increased by less than 3% 
since 1978 (bayeriScheS landeSaMt für StatiStiK 2016). In the districts of Prachatice and 
Klatovy which enclose the Czech catchments, it deceased by 4.6% since 1980 (cZech Sta-
tiStical office 2017). The current population density is 80 km−2 and less than 45 km−2, re-
spectively. Since 1987, the gross specific use per capita of drinking water in Bavaria decre-
ased by 24% to 173 l.d−1 (bayeriScheS landeSaMt für uMwelt 2017), but is less than 
160 l.d−1 in the Bavarian Forest. In the Czech Republic, gross drinking water production has 
dropped by 52% since 1989, and in both, the Plzeň and South Bohemian region by 18% sin-
ce 2003 (ČeSKý StatiSticKý úřad 2017). In both countries, domestic use of drinking water per 
capita dropped to <135 l.d−1. Moreover, drinking water in the study area generally is with-
drawn and returned locally thereby not affecting the water budget at catchment outlet. In 
summary, changes in human water use in the study region rather have increased Q than re-
duced it.

Forested area increased by 1% since 1990 (european environMent agency 2016) in the 
Czech districts, at the expense of cropland and pastures, and by 2% in the Bavarian Forest 
counties between 1980 and 2014 (bayeriScheS StatiStiScheS landeSaMt 2017), by conver-
sion of permanent grassland. Despite the fact that ETA is 10–30% larger from forests than 
from grassland in central European low mountain ranges (ernStberger 1987), the freshly 
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established forest stands are more similar to pasture than to mature stands regarding water 
vapour losses (pecK & Mayer 1996). In the Bavarian Forest counties (but not in the 
Czech districts), agricultural area decreased by 19%, in favour of settlement and transporta-
tion infrastructure. Yet less permeable or almost impermeable urban surfaces like roads 
and roofs reduce evaporation loss (raMaMurthy & bou-Zeid 2014) and increase fast drai-
nage (boyd et al. 1993) to channels and streams. In summary, all land use changes in our 
catchments, if relevant, most probably decreased ETA and increased Q. 

Changes in Q due to the vegetation change following disturbance are more difficult to 
assess as the exact spatial and temporal information on disturbances such as bark beetle 
outbreaks, windthrow, and forest harvest, as well as on regeneration management in areas 
outside the national parks, are lacking. However, the direction and strength of their influen-
ce on ETA and thus Q can be assessed approximately. In German and Czech forests, the 
annual harvest of timber including salvage logged timber was less than the long-term growth 
rate of European beech and Norway spruce (3–4%) (thünen-inStitut 2017). Therefore, 
forest stocks have been increasing since decades to about 260 and 400 m3.ha−1, respectively 
(MiniStry of agriculture 2017, thünen-inStitut 2017). Assuming that forest use has 
taken place in more or less stable rates and that Norway spruce stands, which by far domi-
nate the study area, were on average of middle age (70–100 years) at the starting date of our 
study, reveals stable or slightly decreasing ETA, while the stands have been aging 
(pecK & Mayer 1996). The addition of broadleaves into pure Norway spruce stands has been 
encouraged and accelerated as a forest stabilizing measure (MögeS 2007) but an increasing 
number of deciduous species would reduce ETA and increase Q (KoMMatSu et al. 2011, 
pecK & Mayer 1996). 

Extensive disturbances by windthrow and bark beetle started in the middle of the 1990s 
and were followed by the second wave in the middle of the 2000s (Fig. 2). So, the time since 
establishment of seedlings has been too short to increase ETA because the young spruce 
stands reach that of mature stands earliest at the age of about 30–50 years (pecK & Mayer 
1996) or later (wei & Zhang (2010). Moreover, the extent of natural disturbance varied from 
<1% to 38% (Table 1) but did not explain variation in Q (Table 3). Therefore, the effects of 
gradual vegetation change on Q, which decreased to a very similar extent in these non-nes-
ted catchments, are very unlikely. 

Change in streamflow seasonality
Streamflow experienced a marked change in seasonal distribution. Q in summer decreased 
significantly despite a significant increase in P, while in winter Q remained unaltered despi-
te a significant decrease in P. Balancing changes in summer and winter ETP with P and Q 
trends resulted in a Q transfer of about 80 mm from summer to winter (Table 5). It originated 
from the warming in January and February by about 1 K, which more often led to intermit-
tent reduction of snowpack and, more importantly, from the exceptional warming in April 
and May by more than 2 K (Fig. 5) which caused an earlier final snowmelt (Fig. 6). Tempe-
rature and snowmelt altered synchronously across the whole altitudinal gradient thus acce-
lerating water mobilization from snowpack throughout the study site. Thus, the last parts of 
snowmelt driven groundwater recharge and Q moved from hydrological summer into winter.

This process has affected many snow dominated or influenced catchments, mostly in 
mountainous regions. Ubiquitous trends to earlier snowmelt and Q metrics due to warming 
have been reported for the Western and Eastern USA (Mccabe & clarK 2005, Maurer et  
al. 2007, Stewart et al. 2009, clow 2010, parr & wang 2014, dudley et al. 2017), and for 
northern and central Europe (hiSdal et  al . 2010, renner & bernhofer 2011, Stahl et  al . 
2010, hlavČová et  al . 2015). 
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Larger effects on flooding during winter associated with earlier streamflow timing as 
reported in the above mentioned literature could not be found. Slightly but significantly in-
creased maximum daily Q in winter was only due to an overall increase in March. This 
finding points to intermittent snowmelt due to warming and increasing precipitation in 
February, as precipitation decreased in March while temperature did not change. In May, by 
contrast, the maximum and minimum daily Q decreased significantly despite increased P, 
underpinning the warming effect via earlier snowmelt. Up to now, however, there is no mar-
ked decrease in summer and/or autumn low flow like in southern and east Europe (Stahl et  
al. 2010, renner & bernhofer 2011, hlavČová et  al . 2015). Obviously, the P increase in 
early summer was large enough to offset water losses due to earlier snowmelt with respect to 
groundwater recharge. Moreover, low flow in autumn is mostly sustained by slow-flowing 
groundwater, which in headwater catchments of the Bavarian Forest NP exhibits a mean 
residence time of 8–15 years (beudert et al. 2007). Due to this buffering, several consecu-
tive years with large P deficits, especially in winter, are needed to significantly reduce it. 

Contrasting streamflow changes in severely disturbed nested catchments
The sub-catchments of the Upper Große Ohe (UGO) and Upper Vydra (UV) in the national 
parks did not show changes in annual Q and P. But Q and Q.P−1 revealed a single step change 
(p<0.05) between 1998 and 1999 for UGO and the embedded FB which coincided with the 
steep increase in the bark beetle disturbed area by 25 percentage points to more than 30% 
(1998) over just 3 years (Fig. 2). This is consistent with former findings that reductions in 
forest cover must exceed a threshold of 20–25% (StednicK 1996, brown et al. 2005, beudert 
et al. 2007) to be detected by Q monitoring, given an annual P of more than 500 mm (adaMS 
et al. 2012). Mean ETA in the subsequent period was by 62–90 mm (UGO) and 120 mm (FB) 
lower than in the period before, but does not account for the warming effects described abo-
ve. This is consistent with basic physical characteristics of dead trees, which have lost most 
of their interception and the complete transpiration surface (anderegg et al. 2012), thus re-
ducing water loss from canopy. Unmanaged bark beetle disturbed areas are different to 
clear-cut areas (edburg et al. 2012) in terms of remaining surface for evaporation, no dam-
age to the living second and third layer trees, understory vegetation, and physical soil inte-
grity. Nevertheless, the comparison with fully or partially cut catchments regarding the 
effects on ETA and Q may help to understand the historical changes and assess short and 
medium term eco-hydrological changes. 

boSch & hewlett (1982) reported a 40-mm first-year increase in Q per 10% change in 
conifer forest area, while Sahin & hall (1996) reported a mean increase in Q of 10–25 mm 
during the first five years after clear-cut. Overall, the Q response depends on climatological 
regime, physical landscape features, and dominant tree species (StedniK 1996, brown et al. 
2005). After the first bark beetle outbreak (30% area) in UGO and FB, the slope estimation 
by boSch & hewlett (1982) would fit our observed changes in evapotranspiration (net 

Table 5. Streamflow shift (Qshift) from summer to winter half-year due to earlier snowmelt derived from 
the observed changes in water balance components (Figs. 3, 4, 7) for the whole study area. Note the small 
deviation from balance (bold).

Period P ETP Q Qshift

Summer    51 44 −70  −77

Winter −54 21     8     83

Year     3 65 –59 3 / 6
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stream flow), while, after the second outbreak (~60% area), the slope of Sahin & hall 
(1996) provides a better fit. The obvious persistence of decreased ETA might be the result of 
the sequence of two distinct bark beetle outbreaks. Firstly, dense and fast-growing stand 
regeneration in the stands attacked first profited from additional precipitation on soil surfa-
ce and water supply (edburg et  al . 2012) and increasingly compensated for strongly reduced 
ETA after mature tree mortality (brown et  al . 2014). The second bark beetle outbreak, which 
peaked in the mid-2000s, superimposed these succession effects. Applying the concept of 
wei & Zhang (2010) based on canopy height for spruce species in British Columbia, Canada, 
revealed that hydrological recovery due to the tree regeneration could already be 25% just 
10–15 years after the first bark beetle outbreak in UGO and FB, thereby reducing its effects 
on Q. Moreover and in accordance with brown et al. (2005), it gives reason to believe that Q 
will return to pre-disturbance levels during the next 15–25 years in these sub-catchments, 
notwithstanding the warming driven changes.

In UV (Šumava NP), there was no detectable trend or step change in Q and Q.P−1 in re-
sponse to disturbances of similar magnitude (62% area) but with a very different course 
compared to the Bavarian Forest NP (Fig. 2). However, the mean annual ETA (178 mm) re-
sulting from Q.P−1 is unrealistically low and its inter-annual variability too large (159 mm) 
not to raise doubts on data quality. For the embedded Rokytka stream, a Q.P−1 of 1 and thus 
zero ETA was found (KocuM et  al . 2016). Irrespective of that, one may speculate that the 
first disturbances up to 2006 developed too slowly, allowing full compensation by natural 
succession while drastic disturbances (30%) caused by the Kyrill storm and bark beetle 
attack set in too late (2007) to generate significant hydrological changes. On the other hand, 
the Bavarian Forest NP sub-catchments reacted very quickly to the vegetation cover changes 
comparable to clear-cut catchments (boSch & hewlett 1982, Sahin & hall 1996). There 
could be a scale effect in UV when disturbance effects on Q, which are detectable in small 
catchments, become invisible on a larger scale, where climate change effects may then do-
minate (blöSchl et al. 2007). The fact that the largest ETA and Q effects were in FB 
(0.7 km²), with medium effects in UGO (19.1 km²) and no effect in UV (89.7 km²), despite 
the areal extent of disturbance remaining the same, would support this assumption. Additi-
onal indication comes from the large RW and OT catchments with 29% and 38% disturbed 
area (Table 1), which did not show comparable effects on Q. On the other hand, wei & 
Zhang (2010) and Zhang & wei (2012) demonstrated that the effects of climate change and 
bark beetle attacks can be delineated for much larger catchments (2 860 and 1 570 km²). In 
UV, however, there was in fact no change at all in both Q and P, which suggests that the 
effects of disturbance (increasing) and climate change (decreasing) developed at a similar 
rate thereby offsetting each other. 

Besides annual yields, strong effects on peak discharge were reported in response to ex-
tended clear-cut harvesting (hornbecK 1973, caiSSie et al. 2002, guilleMette et al. 2005) 
but reports about comparable responses to extended bark beetle disturbance are lacking 
(SlinSKi et al. 2016). There is a common statement that bark beetle effects on peak stream-
flow are weak and restricted to small events (pottS 1984, Moore & wondZell 2005, 
biederMan et al. 2015). Moreover, harvesting and disturbance effects on stormflow become 
increasingly less important the larger the event is (harr et al. 1975, hornbecK et  al . 1979, 
caiSSie et al. 2002). This is in line with our findings of slightly increased peak flows. As 
management intervention like salvage logging did not occur in the core zones of both natio-
nal parks, the splash damping properties of soil humus layers, coarse woody debris and 
lower vegetation were not affected by compaction, mixing or destruction by heavy machi-
nery. This would have accelerated runoff generation by increasing surface flow, raised peak 
flow and forced erosion (SwanSon & dyrneSS 1975, beSchta et  al . 1978). 
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Even in summer, in which reduced ETA and increased P could have exerted influence, 
peak flows did not change as reported by bernSteinová et  al . (2015). Low flow also did not 
change in summer, thereby confirming the results of langhaMMer et  al . (2015) and bern-
Steinová et  al . (2015) for a shorter period. Like in the superordinate catchments, the low 
summer flow is controlled by groundwater stores, which have delayed responses to altered 
hydrological processes in the ecosystems. So, decreased ETA and increased P on soil surfa-
ces in regenerating stands (bearup et al. 2014) must have increased runoff yields but not 
necessarily low flows.

suMMary and conclusIons

Nine conterminous catchments in the Bohemian Forest showed a significant decrease in 
annual runoff yields (1978–2013) due to significant and strong changes in air temperature. 
Warming acted two-fold: by hastening final snowmelt and streamflow timing in late winter 
and spring, and by increasing evapotranspiration mostly in summer.

Three sub-catchments in the Bavarian Forest and Šumava national parks heavily affected 
by bark beetle and windthrow showed differing hydrological behaviour. Streamflow seaso-
nality and flow extremes responded identically to warming but annual runoff yields re-
mained either unaltered or even increased. This indicates that decreased evapotranspiration 
due to disturbance maintained groundwater recharge and regional drinking water supply. 
However, during further succession towards new forests and increasing water demand as 
part of the natural life cycle, these benefits will level out, probably sooner the faster climate 
change proceeds. How persistent post-mortality hydrological changes are and whether more 
mixed naturally structured forests change the partitioning of evapotranspiration components 
in the long term – are some of the questions which future research should focus on. 

There is a lot of scientific evidence in this publicly available dataset that a small change 
in winter flooding and the overall decrease in runoff yield are due to climate change but no 
evidence to relate them to natural disturbances or the national park management. Up to now, 
disturbance related eco-hydrological changes have been offsetting or exceeding the warming 
caused reduction in runoff yields.
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Abstract
This study focuses on estimation of the impacts of anticipated global climate change on water balance in 
forested headwater catchment. The investigated catchment is located in the Šumava National Park (Bohe-
mian Forest) in the southern part of the Czech Republic. We calculated nine future water balance scenarios 
for periods of 2021–2050 and 2071–2100. We used data from following models: CNRM-CM5_ALADIN53, 
EC-EARTH_RACMO22E, EC-EARTH_RCA4, and MPI-ESM-LR_CCLM4-8-17 with 3 emission sce-
narios (Representative Concentration Pathways RCP2.6, 4.5, 8.5). Corrected regional climate model daily 
data were used in combination with hydrological model Brook90. The scenarios projected an increase of 
mean annual temperature of 1.1°C (RCP4.5) and 1.4°C (RCP8.5, 2021–2050) and 2.3°C (RCP4.5) and 4.2°C 
(RCP8.5, 2071–2100) and increase in mean annual precipitation amount of 11% (RCP 4.5) and 15% (RCP 
8.5, 2021–2050) and 15% (RCP 4.5) and 20% (RCP8.5, 2071–2100). It would result in a mean annual runoff 
increase of 9% (RCP4.5) and 14% (RCP8.5, 2021–2050) and 12% (RCP4.5) and 16% (RCP8.5, 2071–2100). 
The annual runoff cycle is projected to change significantly especially in the period of 2071–2100, when a 
large winter runoff increase and a spring runoff maximum decrease is expected. “Pessimistic” RCP8.5 
scenarios expect even no spring runoff maxima from snowmelt and project a shift of runoff maxima to 
December.

Key words: climate change impact, runoff, water balance, hydrological modelling, forested catchment

IntroductIon

Temperature increase and changes in precipitation distribution and amounts are expected to 
affect hydrological pattern notably (IPCC 2007, IPCC 2013). Forested landscapes are con-
sidered to be close to the natural environment in central European conditions and the Bohe-
mian Forest represents a large forested area of high ecological importance. Forests can be 
affected by climate change both directly and indirectly. Increased temperature can affect 
vegetation cover in forests notably even regardless of precipitation changes (AdAms et al. 
2009). It can lead to tree die-off or to weakening of trees and they can become more vulner-
able to tree pest (AdAms et al. 2009, Allen et al. 2010, RAffA et al. 2008). However, pro-
jected increases in drought frequency due to changes in precipitation and increases in stress 
from biotic agents (e.g. bark beetles) could further intensify tree mortality (AdAms et al. 
2009).
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Regionally oriented studies in the Bohemian Forest documented an air temperature in-
crease over the last century (KlIment & mAtoušKová 2009, lAnghAmmeR et al. 2015), how-
ever, did not detect any changes in annual or seasonal precipitation (BeRnsteInová et al. 
2015). Also no changes in annual runoff were found by BeRnsteInová et al. (2015) and lAng-
hAmmeR et al. (2015), however, they noted an increase in high flows in March, which was 
related to significant temperature increase in late winter and early spring.

A future gradient in precipitation with an increase in the Northern Europe and decrease 
in the Southern Europe was projected in many studies (foRzIeRI et al. 2014, vAn vlIet et al. 
2015) and runoff is expected to follow the same pattern. However, the area of central Europe 
lies in the transition zone, where the future precipitation changes are more ambiguous. 
hAnel et al. (2012) estimated changes in future hydrological pattern in area of the Czech 
Republic for the period of 2070–2099. According to their study runoff changes from January 
to May will be affected by changes in snow cover and snowmelt dynamics, with a notable 
shift in snowmelt from April to January–February. The summer runoff decline will be 
caused by summer precipitation decrease. A study from small forested headwater catch-
ments located across the Czech Republic projected an annual runoff decrease by 15% (2021–
2050) and 35% (2071–2100) (compared to the period of 1994–2011) and changes in annual 
cycle represented by small winter runoff increase and significant summer months decrease 
(lamačová et al. 2014). It was in agreement with their previous results from two headwater 
catchments in the eastern part of the Czech Republic where a decrease by 10–30% was pro-
jected for the period of 2071–2100 with a significant decrease in summer months (Benčoková 
et al. 2011). 

The aim of this paper was to analyse the changes in hydrological patterns and shifts in 
temperature and precipitation that might happen as a result of the projected climate change. 
Major objectives of the study were: (i) calibration of hydrological model Brook90 (fedeReR 
et al. 2003) to the site specific condition of the Bohemian Forest headwater catchment for the 
control period of 1981–2010, (ii) to simulate the effects of different climate change scenarios  
on future hydrological pattern in periods of 2021–2050 and 2071–2100, using the calibrated 
Brook90 model. 

MaterIals and Methods

Catchment characteristics
The catchment (92.7 km2) is situated on the northern slopes of the Bohemian Forest (Šumava 
in Czech) mountain range (49°02' N, 13°30' E) and entirely located in the Šumava National 
Park. The local climate is characterized by high precipitation with high percentage of snow 
(approximately 40%, according to lAnghAmmeR et al. 2015) with mean annual precipitation 
in the upper parts of the catchment up to 1800 mm yr–1 (stARostová 2012). Mean annual 
temperature at the Churáňov climate station located nearby (1118 m a.s.l., Fig. 1) was 
4.8±0.7°C for the period of 1981–2010. Mean elevation of the catchment is 1134 m a.s.l. rang-
ing from 973–1453 m a.s.l., mean slope is 5.8°. The investigated area is a headwater catch-
ment of the Vydra stream and the outlet with water-level recorder operated by the Czech 
Hydrometeorological Institute (CHMI) is situated in the Modrava municipality downstream 
the junction of two major catchment streams, Modravský Potok and Roklanský Potok. We 
thus named the catchment according to the outlet profile as the Modrava catchment, to indi-
cate this part of the Vydra stream that represented the investigated area. Mean annual runoff 
was 1151 mm (1981–2010). 

The bedrock consists of magmatic rocks (granite 29%) and metamorphic rocks mostly 
gneiss (54%), overlain by quaternary sediments (17%). Soils are dominated by entic and 
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typical podzols (47%), permanently or periodically wet soils (46%), Cambisols (3.6%), and 
Leptosols (3.4%) (BeRnsteInová et al. 2015). The catchment is dominantly forested by Nor-
way spruce (Picea abies (L.) Karst.) with different age and structure (87%). A small part of 
forest vegetation (about 5%) consists of mountain ash (Sorbus aucuparia L.). Peat bogs are 
covered with pines Pinus mugo Turra and Pinus mugo nothosubsp. rotundata (Link) Janchen 
& Neumayer. A small part of mountain meadows is located in the north of the catchment 
(6%).

Both bark beetle (Ips typographus L.) outbreaks and windfall affected the vegetation 
significantly. The first bark beetle outbreak started around the year 1994 in the southern and 
south-western part of the catchment along the border with the Bavarian Forest National Park 
in Germany. Some parts of the forest were left without any intervention, while some other 
areas were salvaged logged. It resulted into large clear cuts. The second outbreak started 
after the windstorm Kyrill in the central and eastern part in 2007. It resulted in the mosaic 
of logged and naturally developed spruce stands. At present, clear cuts occupied 23%, natu-
rally developed stands with dead adult spruces 35%, and living mature stands 33% of the 
catchment. Wetlands (mostly peat bogs) cover 8% of the catchment (BeRnsteInová et al. 
2015). 

The hydrological modelling
The Brook90 model is a deterministic, process-oriented, lumped parameter hydrological 
model that was designed to be applicable to any land surfaces at a daily time step year-round 
(fedeReR et al. 2003). Brook90 is a parameter-rich model designed primarily to study eva-
potranspiration and soil water movement at a point, with some provision for stream flow 
generation by different flow paths. Snow accumulation and melt are controlled by a degree-
-day method with cold content (lInsley 1949). The model uses the shuttlewoRth & wAllA-

Fig. 1. A map of the study site showing the Modrava catchment and all used precipitation, climate and 
gauging stations. 
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Ce (1985) method for separating transpiration and soil evaporation from sparse canopies, and 
evaporation of interception. Actual transpiration is reduced below potential when water sup-
ply to the plant is limited.

Required inputs to the model are daily precipitation, and maximum and minimum air 
temperatures. Additional desirable inputs are daily solar radiation and daily mean wind 
speed, average vapour pressure for the day, and measured runoff (used for calculation of 
evaluation statistics within the program). Five parameter sets are required: canopy, location; 
soil (for up to 25 layers); initial and fixed parameters. In this study we did not estimate the 
course of future vegetation cover changes, and thus we did not modify the future canopy 
parameters.

The model performance was evaluated by Pearson’s correlation coefficient between meas-
ured and simulated daily stream flows and by the daily and monthly Nash–Sutcliffe criterion 
(nAsh & sutClIffe 1970). The model was calibrated on the period of 1981–1999 and vali-
dated on the period of 2000–2010.

Meteorological and hydrological data
Meteorological data for the studied catchment (maximum and minimum daily air tempera-
ture, daily precipitation, daily mean wind speed and global radiation) were interpolated 
(using inverse distance weighting as an interpolation method) on the area of the catchment. 
For the interpolation were used the so called technical series of daily values at a particular 
grid point (station location) that were calculated from up to 6 neighbouring CHMI stations 
within a distance of 300 km, with an allowed maximum difference in altitude of 500 m. 
Before applying inverse distance weighting, data at the neighbour stations were standardized 
relatively to the altitude of the base grid point (station location). The standardization was 
carried out by means of linear regression and dependence of values of a particular meteoro-
logical element on altitude for each day, individually and regionally štěpánek et al. (2011). 
Further details on the data processing can be found also in štěpánek et al. (2013). The tech-
nical series were used also for validation and correction of RCM outputs (štěpánek et al. 
2016). However the mean annual precipitation amount from the technical series was too low 
(only 1117 mm) compared to measured data (Fig. 2). It would represent rainfall-runoff ratio 
of 1.05 only, therefore correction had to be used to better represent the catchment precipita-
tion. The station network is sparse in the mountain ridge area and thus we used mean an-
nual data from CHMI rain gauges – totalisers, located at catchment and neighbouring areas 
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(Březník, Rokytská Slať, Knížecí Pláně, Poledník, Kvilda, Filipova Huť; 1981–2010 data and 
details about the stations are available in stARostová, 2012). The mean annual precipitation 
from totalisers varied between 1165 mm (Kvilda) and 1845 mm (Březník) with an average of 
1487±297 mm. We interpolated the mean annual precipitation amounts (1981–2010) from 
totalisers from the close vicinity of the Modrava catchment and obtained the mean annual 
precipitation amount of 1575 mm. The 40% difference corresponds to reports from Slovakia 
(lAPIn et al. 1991) and Switzerland (sevRuK 1985), with the former study showing increase 
of precipitation totals from April to September by 35–70% when totalisers were used. Based 
on the comparison of annual precipitation distribution of both Modrava “technical” precipi-
tation series and precipitation data from the CHMI Filipova Huť station (1112 m a.s.l, 49°02' 
N, 13°31' E) (Fig. 1), we calculated monthly correction factors and increased the precipitation 
to fit 1575 mm annual mean. The same monthly correction factors were used for future pre-
cipitation data. 

Runoff data from the CHMI water level gauging station in Modrava (49°02' N, 13°29' E) 
were used without any corrections. 

Future climate projections
Results from simulations performed within the European part of the global Coordinated 
Regional Climate Downscaling Experiment project (Euro-CORDEX, www.euro-cordex.
org) with the 0.11° spatial resolution were used in this study. Experiments were forced by 3 
Representative Concentration Pathway (moss et al. 2010). These scenarios take radiative 
forcing (W m−2) as the characteristic driving variable, instead of the concentration of the 
equivalent CO2 (ppm). RCP represent a wide range of possible future emission scenarios. 
RCP2.6 assumes that global annual greenhouse gas emissions will peak around 2010–2020 
(vAn vuuRen et al. 2007). RCP4.5 expects emissions to peak around 2040 and then decline 
(ClARKe et al. 2007). RCP6 assumes that the emissions will peak around 2080 (not used in 
this study) and finally RCP8.5 expects emissions to rise throughout the 21st century (RIAhI 
et al. 2007).

Four regional climate models (RCMs) with three driving global climate models (GCMs) 
and three different representative concentration pathway RCPs 2.6, 4.5 and 8.5 W m−2 sce-
narios were used. It represents nine plausible future scenarios in total, namely: ALADIN53 
(RCM) with CNRM-CM5 driving GCM, RCP 4.5 and RCP 8.5; RACMO22E (RCM) with 
EC-EARTH driving GCM, RCP 4.5 and RCP 8.5; RCA4 (RCM) with EC-EARTH driving 
GCM, RCP 2.6, RCP 4.5 and RCP 8.5; and CCLM4-8-17 (RCM) with MPI-ESM-LR driving 
GCM, RCP 4.5 and 8.5. The datasets were post-processed using a correction method called 
distribution adjusting by percentiles developed by štěpánek et al. (2016) that is based on the 
quantile mapping approach of déqué (2007). This correction method, based on correction of 
individual percentiles of empirical distribution, was compared with other bias correction 
approaches, e.g. in gutIéRRez et al. (2018), and proved to behave very well. Compared to 
other quantile mapping methods it better focuses on a proper transfer function for tails of the 
distributions (representation of extremes).

 RCM outputs were localized into positions of neighbouring CHMI climate stations and 
values of such series were then interpolated to obtain spatial information for the catchment. 
Additional monthly correction factors for precipitation were derived by comparison of tech-
nical time series and control run of a given RCM, and the appropriate corrections have been 
then applied for the future precipitation data. In the presented study, we decided to use two 
thirty-year periods from the available time series 2021–2100 and compare them to the recent 
period of 1981–2010. The period of 2021–2050 was chosen as a near future and the period of 
2071–2100 was used to represent a more distant future. 
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results

Performance of the Brook90 model
The corrected climatic data were used for runoff modelling using the calibrated Brook90 
model in the control period 1981–2010. The mean annual runoff from the Modrava catch-
ment calculated from observed data was 1176 mm (±236 mm) and runoff simulated by the 
Brook90 model was 1158 mm (±236 mm). The Brook90 model also reproduced well mean 
monthly runoff pattern (Fig. 3). Daily simulated and observed runoffs at the Modrava outlet 
in the calibration and validation period also were in relatively good agreement (Fig. 4). The 
Pearson’s correlation coefficients were 0.72 (rcrit = 0.06, N = 6939, p = 0.05) for daily values 
and 0.80 (rcrit = 0.14, N = 228, p = 0.05) for monthly values in the calibration period (1981–
1999). The Pearson’s correlation coefficients in the validation period (2000–2010) were 0.80 

Fig. 3. Mean annual runoff cycle in the control period (1981–2010). Obs. – observed, MED – median, AVG 
– average, sim. Brook90 – runoff simulated by the Brook90 model, 25–75%: runoff inter-quartile range, 
10–90%: runoff inter-quintile range.
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(rcrit = 0.06, N = 4018, p = 0.05) for daily values and 0.89 (rcrit = 0.17, N = 132, p = 0.05) for 
monthly values.

The Nash-Sutcliffe criterion were 0.43 for daily values and 0.58 for monthly values in the 
calibration period (1981–1999) and 0.59 for daily values and 0.76 for monthly values in the 
validation period (2000–2010). 

Future temperature projections
Mean annual temperature 4.2°C was measured in the control period (1981–2010). The indi-
vidual RCM models estimated an increase in mean annual temperature of 0.8–1.8°C for the 
period of 2021–2050 (compared to the control period of 1981–2010). The RCP 4.5 scenarios 
projected mean increase of 1.1°C and RCP 8.5 1.4°C (2021–2050) compared to the control 
period. 

All scenarios (with the exception of ALADIN53, RCP 4.5) indicated an increase in No-
vember above freezing point in the period of 2071–2100. It increased from −0.3°C during 
control period (1981–2010) to the interval of 0.5–1.5°C (2071–2100). The summer tempera-
tures are projected to increase notably in July by 0.8–3.1°C to 14.0–16.3°C (2071–2100) (Fig. 
5). The projected increase of 1.4–4.9°C in the period of 2071–2100 would result in change of 
a mean annual temperature from 4.2°C (1981–2010) to 5.4–8.6°C. The RCP 4.5 scenarios 
projected mean increase of 2.3°C and RCP 8.5 4.2°C compared to the control period. Four 
of nine scenarios projected an increase of mean monthly temperatures above freezing point 
in all months and all scenarios expect an increase above freezing point in November and 
spring March. A notable increase of 1.4–6.5°C is projected for July. It represents an increase 
from recent 13.2°C (1981–2010) to 14.6–19.7°C (2071–2100) (Fig. 5).

Mean maximum temperatures also showed similar pattern (Fig. 5). RCM models esti-
mated an increase of 0.7–1.7°C from 9.2°C (1981–2010) to 9.9–10.9°C (2021–2050). January 
mean maximum temperatures are expected to increase by 0.6–2.3°C, while maximum tem-
peratures in July are projected to increase by 0.5–1.0°C only (Fig. 5) in the period of 2021–
2050. In the period of 2071–2100, mean maximum temperatures are projected notably high-
er than in the control period of 1981–2010. The expected increases by 1.0–5.0°C represent 
temperatures from 10.2–14.2°C. January mean maximum temperatures are projected to be 
higher by 1.8–6.7°C. July mean maximum temperatures are projected to the increase by 
1.3–4.7°C compared to the control period of 1981–2010.

Only minor differences are projected for mean monthly minimum temperatures for the 
period of 2021–2050 (Fig. 5). Changes of –0.3–0.6°C, compared to mean annual minimum 
temperature 1.5°C (1981–2010) are projected by RCM models. For the period of 2071–2100 
an increase of 0.1–2.4°C in mean annual minimum temperature was projected. An increase 
in January is projected of 0.3–3.7°C.

Future precipitation projections 
The mean annual precipitation amount for Modrava catchment was 1575 mm in the control 
period of 1981–2010 (Table 1). In general all models projected an increase in annual pre-
cipitation amounts. The RCP 2.6 and 4.5 scenarios estimated an increase of 4–17% and RCP 
8.5 even of 7–21% for the period of 2021–2050 compared to the control period (1981–2010). 
Precipitation amounts are expected to increase in almost all months with the exception of 
March (Fig. 6). Most of the models project decrease by 15% (RCP 2.6 and 4.5) and by 18% 
(RCP 8.5) on average in March. Scenarios RCP 2.6 and 4.5 expect the largest increase of 
precipitation from November to January (23%). Scenarios RCP 8.5 expect notable increases 
from April to June (by 25%) and from October to January (by 25%) (Fig. 6). 
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Also for the period of 2071–2100, the models projected an increase of annual precipitation 
amounts of 6–22% (RCP 2.6 and 4.5 scenarios) and of 13–27% (RCP 8.5 scenarios) com-
pared to the control period (Table 1). A similar pattern of precipitation changes in the an-
nual distribution as in the period of 2021–2050 was projected for the period 2071–2100. 
Precipitation amounts are mostly expected to increase with an exception of March and Au-
gust. March precipitation amounts are projected to decrease by 14% (RCP 2.6 and 4.5 sce-
narios) and by 6% (RCP 8.5 scenarios). A decrease by 11% is projected for August (RCP 8.5 
scenarios). The highest change is projected for winter months – an increase of 26% (RCP 2.6 
and 4.5 scenarios) and 36% (RCP 8.5 scenarios) from November to January. A notable in-
crease of 19% (RCP 2.6 and 4.5 scenarios) and 32% (RCP 8.5 scenarios) is also projected 
from April to June (Fig. 6).

Mean monthly precipitation amounts for the periods of 2021–2050 and 2071–2100 are 
available in Appendix 1 and 2. 
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Future evapotranspiration projections
The increase in annual evapotranspiration based on model projections was estimated to be 
6 to 19% in the period of 2021–2051. It represents a change from 407 mm (1981–2010) to 
433–485 mm (Table 1). Changes in seasonal distribution showed a slight increase for most 
of the months with absolute maximum in summer months (Fig. 7). RCMs projected an in-
crease of mean annual evapotranspiration from 10 to 40% to 448–569 mm in the period of 
2071–2100 (Table 1). The pattern of change showed increase in all of the months with abso-
lute maximum in summer similarly to previous period, with no signs of evapotranspiration 
reduction due to water availability limitations (Fig. 7). 

Mean monthly evapotranspiration for the periods of 2021–2050 and 2071–2100 are avail-
able in Appendix 3 and 4.

Future runoff projections
The mean annual runoff for Modrava catchment was 1176 mm in the control period of 
1981–2010. The projected precipitation increase resulted in annual runoff increase in all 
scenarios (Table 1). The RCP 2.6 and 4.5 scenarios estimated an increase of 2–15% and RCP 

Table 1. Water balance parameters at the investigated catchment for the control period (1981–2010) and two 
future periods (2021–2050 and 2071–2100). Means ± SD for: P – precipitation, E – evapotranspiration, and 
Q – runoff; P and Q was measured for control period; all E and future Q were calculated by the Brook90 
model. 

RCM (driving GCM) RCP Period P (mm y–1) E (mm y–1) Q (mm y–1)

Modrava 1981–2010 1575±210 411±29 1176±236

ALADIN53 (CNRM-CM5) 4.5 2021–2050 1840±220 475±26 1357±215

ALADIN53 (CNRM-CM5) 8.5 2021–2050 1910±308 479±33 1431±275

RACMO22E (EC-EARTH) 4.5 2021–2050 1636±248 433±20 1197±233

RACMO22E (EC-EARTH) 8.5 2021–2050 1688±235 438±19 1249±255

RCA4 (EC-EARTH) 2.6 2021–2050 1758±264 466±25 1290±279

RCA4 (EC-EARTH) 4.5 2021–2050 1738±237 477±47 1260±221

RCA4 (EC-EARTH) 8.5 2021–2050 1828±304 479±42 1348±282

CCLM4-8-17 (MPI-ESM-LR) 4.5 2021–2050 1808±354 484±39 1322±305

CCLM4-8-17 (MPI-ESM-LR) 8.5 2021–2050 1802±275 485±28 1315±224

ALADIN53 (CNRM-CM5) 4.5 2071–2100 1919±273 504±28 1417±286

ALADIN53 (CNRM-CM5) 8.5 2071–2100 1996±286 532±30 1466±264

RACMO22E (EC-EARTH) 4.5 2071–2100 1669±233 448±23 1223±227

RACMO22E (EC-EARTH) 8.5 2071–2100 1772±241 477±25 1297±215

RCA4 (EC-EARTH) 2.6 2071–2100 1726±303 461±33 1264±261

RCA4 (EC-EARTH) 4.5 2071–2100 1852±344 568±55 1284±326

RCA4 (EC-EARTH) 8.5 2071–2100 1833±367 532±37 1302±340

CCLM4-8-17 (MPI-ESM-LR) 4.5 2071–2100 1812±328 493±38 1321±264

CCLM4-8-17 (MPI-ESM-LR) 8.5 2071–2100 1913±352 522±33 1392±311
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8.5 scenarios of 6–22% for the period of 2021–2050 compared to the control period (1981–
2010). The future and recent monthly medians follow more or less the same pattern in case 
of RCP 2.6 and 4.5 scenarios however RCP 8.5 scenarios medians show a notable increase 
of runoff (43%) from October to December in the period of 2021–2050 (Fig. 8). 

The RCP 2.6 and 4.5 scenarios projected an increase of 4–20% and RCP 8.5 scenarios of 
10–25% in mean annual runoff for the period of 2071–2100 compared to the control period 
(1981–2010). While the flow pattern in previous period (2021–2050) was similar to control 
period (1981–2010), the flow pattern in the period of 2071–2100 show a significant shift in 
annual runoff distribution. A decrease in spring runoff (April to May) by 26% (RCP 2.6 and 
4.5) and 34% (RCP 8.5) was projected. The Brook90 simulations using RCMs data showed 
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a notable decrease also in August runoff of 22% (RCP 2.6 and 4.5) and 19% (RCP 8.5) and 
a decrease of 28% in September (RCP 8.5). On the other hand, the winter runoff (January to 
February) is projected to increase a lot by 60% (RCP 2.6 and 4.5) and even 127% (RCP 8.5) 
(Fig. 8).

Mean monthly runoff for the periods of 2021–2050 and 2071–2100 are available in Ap-
pendix 5 and 6. 

dIscussIon

Estimation of future runoff with a hydrological model using a climate change scenarios is 
associated with different sources of uncertainties. We assume that in our study one of the 
major uncertainty is the estimated precipitation input. Precipitation represents the most im-
portant variable in hydrological modelling since it affects the runoff generation process di-
rectly. Unfortunately, the representative daily record from the catchment was not available 
and thus the provided data had to be adapted in order to get values that would better repre-
sent the precipitation within the catchment. Original values of “technical series” for the 
precipitation data interpolated from the CHMI station data for the control period of 1981–
2010 were too low (mean annual runoff from the Modrava outlet exceed the precipitation 
amounts in some years). This may be due to the inappropriate location of surrounding rain-
fall stations that are not much suitable for this particular catchment area and also significant 
undercatch of the true rainfall reported by numerous previous studies (e.g. sevRuK 1985, 
lAPIn et al. 1991), especially when compared to the totalisers. Our interpolated annual pre-
cipitation for the period of 1981–2010 (1575 mm) was slightly higher than the mean annual 
precipitation value from lAnghAmmeR et al. (2015) who estimated mean annual value of 1378 
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mm for the period of 1961–2010. The difference could be also caused by the selection of dif-
ferent precipitation stations used for their correction. lAnghAmmeR et al. (2015) used the 
CHMI operated precipitation stations providing daily measurements that were not located 
on the mountain ridge, while we used the totalisers located in higher elevations that should 
provide more representative values (regarding the long-term means); however, these totalis-
ers provided only annual data. Totaliser data after correction for evaporation were in good 
agreement with automated station data according to stARostová (2012). The use of totaliser 
data helped to reduce the bias in total amounts, however, could not be used for the seasonal 
distribution correction. Although we used mean monthly correction factor based on the dif-
ference in seasonal distribution between Churáňov and Filipova Huť stations (Fig. 2), this 
step of data processing remained highly uncertain. However, such correction was partially 
verified by a successful runoff simulation for the control period 1981–2010. It is also worth 
noting that since the Brook90 model is a lumped model, we assumed that the prevailing 
vegetation cover was Norway spruce and we did not change the vegetation parameters in 
time, although there were partial changes in vegetation cover during the control period. 
BeRnsteInová et al. (2015) reported that the tree die-off caused by bark beetle outbreak and 
windfall affected 55% of the catchment by the 2011 year. This approach was chosen based 
on the results from studies BeRnsteInová et al. (2015) and lAnghAmmeR et al. (2015) who 
detected only minor changes in annual runoff and the shifts in spring runoff were attributed 
rather to temperature increase than vegetation cover change. According to BeRnsteInová 
et al. (2015), the vegetation cover disturbances may not have been rapid enough to generate 
significant trends in runoff. Regeneration of the surviving vegetation including growing for-
est stands and secondary structure (shrubs and herbs) can compensate the evapotranspira-
tion losses due to partial tree die-off (BRown et al. 2014). 

In respect of climatic modelling, štěpánek et al. (2016) noted the need of RCM output 
correction, since the uncorrected RCM data do not capture the Czech climatic conditions 
well and thus are not directly useful for impact studies. RCM simulations provide outputs 
that can differ notably (depending e.g. on the driving GCM) and thus use of small number 
of scenarios for impact studies could be misleading (e.g. hAnel et al. 2012). We assume that 
use of nine scenarios in this study should represent a sufficiently wide range of future pos-
sible climatic conditions. 

The mean annual temperature increase for Modrava is similar to the projections for the 
whole Czech Republic (CR) published by štěpánek et al. (2016), who used the same RCMs 
and emission scenarios (plus two additional scenarios compared to our study). štěpánek 
et al. (2016) reported the 1°C increase in the period of 2021–2040 and 2.0°C (RCP4.5) and 
4.1°C (RCP8.5) for the end of the 21st century. Scenario projections of future precipitation in 
the Modrava catchment exhibit slightly higher increase compared to the area of CR, where 
štěpánek et al. (2016) reported precipitation increase of 7% for the period of 2021–2040, 
while in our study the projected precipitation increased by 11% (RCP4.5) and 15% (RCP8.5) 
in the period of 2021–2050. The results by the end of the century were almost the same as 
for the whole area of CR – an increase of 12% compared to an increase of 13% by štěpánek 
et al. (2016) for RCP4.5 and 16% compared to 6–16% for CR (RCP8.5).

A significant winter precipitation increase especially in case of RCP8.5 emission scenar-
ios is similar to the projections for CR by štěpánek et al. (2016). It represents a change 
compared to the previous ALADIN-Climate/CZ (using SRES A1B emission scenario) sim-
ulations where only a minor winter precipitation increase was projected (štěpánek et al. 
2016). Also the study of hAnel et al. (2012) that evaluated 15 different RCM experiments 
(using SRES A1B emission scenario) pointed out an uncertainty in winter precipitation in-
crease and did not report any notable changes in mean annual precipitation amounts. The 
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main change that should occur in the winter precipitation will be in the changes from snow 
to rain. It will be caused by the temperature increase and occurrence of warmer episodes 
with a temperature above freezing point. It will lead to notable spring runoff maxima decline 
up to shifts of runoff maxima to winter in some scenarios. Unavoidably higher winter and 
spring temperature imply earlier start of growing season that has been already shown across 
the Czech territory (e.g. tRnKA et al. 2015) and in general increase of the transpiration vol-
ume in cases when plants are not limited by soil moisture content.

The studies focused on analysis of recent changes in hydrological pattern in the Bohemian 
Forest area mostly did not found any changes in mean annual runoff (BeRnsteInová et al. 
2015, KlIment & mAtoušKová 2009, lAnghAmmeR et al. 2015) with the exception of BeudeRt 
et al. (2018), who detected an annual runoff decline of 59 mm (for the period from 1978–
2013) in the southern slope of the Bohemian Forest. Such a decrease was related to changes 
in evapotranspiration due to increased temperature. 

The projected future mean annual runoff increase does not correspond with the results 
from previous regional studies that mostly assume runoff decrease as a result of climatic 
change across different catchment scale from small forested catchments (Benčoková et al. 
2011, lamačová et al. 2014) to mesoscale catchment (Malše River, němečková et al. 2011). 
As a reason, we see the use of other RCM models than it used to be in the past. The greatest 
uncertainty is related to the precipitation projection. There is a big difference between indi-
vidual RCM and so the difference between RCM and GCM. The projection in such a small 
area is definitely burdened by a higher uncertainty as it is below the resolution capability of 
any used RCM, and it is rather necessary to take into account the average projection of the 
model over a larger area. Generally, despite the bias correction, the climate models can not 
exactly describe spatial distribution of rainfall changes. This is also one of the reasons why 
we used in our analysis ensemble of the RCM, which reduces the modelling errors. How-
ever, hAnel et al. (2012) estimated a wide range of mean annual runoff changes (prevail-
ingly decrease) across the Czech Republic. It included also estimated increase in northern 
part of the Czech Republic for the period of 2071–2099. However most of the future runoff 
changes are similar to our results such as (i) the winter runoff increase caused by shift of 
runoff maxima from spring snowmelt to winter and (ii) the winter precipitation increase. 

conclusIons

We described the impact of nine plausible scenarios of climate change, representing a wide 
range of possible changes in future anthropogenic greenhouse gas emissions, on forested 
catchment in the Bohemian Forest in two future periods of 2021–2050 and 2071–2100. The 
estimated temperature and precipitation increase (especially in winter months) will signifi-
cantly affect evapotranspiration and runoff. Evapotranspiration is expected to increase as a 
result of higher temperature and prolongation of the growing season. Mean annual runoff is 
projected to rise notably as a result of the precipitation increase (despite the increased eva-
potranspiration rate).

Changes are also modelled for the runoff annual cycle. While in the period of 2021–2050 
the annual cycle will not change notably, significant shifts are projected for the period of 
2071–2100. A large winter runoff increase and a spring runoff maxima decrease indicate 
changes in snow cover and snowmelt. Some scenarios even show no spring runoff maxima. 
Changes are also visible in summer, while the median runoff will not change that much the 
values of 10 and 25 percentiles (representing of the lowest flows) are notably lower compared 
to the recent period of 1981–2010.
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Abstract
Knowledge of the meteorological conditions is essential for many applications, among those also for many 
research fields. Here, a reliable meteorological database for the extended area of the Bohemian Forest was 
developed. Meteorological data from 211 observation points were collected over a time span of 35 years. 
These data served as the basis for the simulation of climate conditions in the 4500 km2 sized area with a 
spatial resolution of 100×100 m2, as well as for the individual research plots of the “Silva Gabreta Monitor-
ing” project. The simulation was performed using the geostatistical interpolation techniques included in the 
catchment model ArcEGMO.

Keywords: meteorological data, climate regionalisation, Bavarian Forest, Šumava

IntroductIon

Knowledge of the meteorological conditions at individual plots or spatially distributed over 
the whole area is essential for many research projects in the Bohemian Forest. Meteorologi-
cal parameters have been monitored at individual sites, and by different institutions. There-
fore, the quantity and quality of the different data series differ from site to site. Thus, the 
problem for any more sophisticated study such as the “Silva Gabreta Monitoring” projects 
was to get a reliable and consistent spatial distribution of the meteorological conditions over 
the whole study area from these station-based data. The specific topographic conditions of 
this low mountain lead to a huge heterogeneity, especially in air temperature and wind veloc-
ity even at the smallest scale. A further problem is the location of the Bohemian Forest at the 
border of three European countries, namely Austria, Germany and the Czech Republic, 
which implies that the concentration of meteorological observation sites is very sparse. Com-
mercial products in the necessary spatial and temporal resolution are not available for all 
weather elements and the whole area until now. The German Weather Service (DWD), for 
example, offers regionalised daily precipitation data at a spatial resolution of 1×1 km2 for the 
area of the German states only (DWD 2017). The HYRAS-dataset (Rauthe et al. 2013, FRick 
et al. 2014) covers Germany and the bordering river catchments, but only lasts from 1951 to 
2006 and includes only gridded (5×5 km2) datasets of air temperature and relative humidity 
as daily mean values besides the precipitation data.

The aim of the “Silva Gabreta Monitoring” projects is the allocation of biodiversity pat-
terns in the Bohemian Forest. The climate database presented here will be used in combina-
tion with the collected species data (FRies et  al . 2018) to evaluate and predict ecological 
shifts induced by climate changes and potential consequences for the whole ecosystem.



70

The existing observational series of air temperature at 2 m above ground level, precipita-
tion, global radiation, relative air humidity, and wind velocity from the different meteoro-
logical stations were collected and revised for the period 1980–2015. These station-based 
time series were then used as the underlying database for the calculation of the main mete-
orological parameters at the needed spatial and temporal resolution, namely daily values for 
each monitoring plot and yearly values at a spatial resolution of 100×100 m2 for the whole 
study area.

MaterIals and Methods

Study area
The study area covers about 4500 km2 from the Danube River in the south to Sušice in the 
north with most of the Bohemian Forest (Šumava in Czech) (Fig. 1). It includes the Bavarian 
Forest National Park (240 km2) in Germany and the western part of the Šumava National 
Park (690 km2) in the Czech Republic. Altitudes range from 300 to 1450 m a.s.l. The moun-
tain ridge, which extends from the Großer Osser Mt. in the north to the Dreisessel Mt. in the 
south, passing the Großer Arber, Großer Rachel and Lusen mounts, is nearly identical with 

Fig. 1. Study area with meteorological stations and monitoring plots.
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the border between Germany and the Czech Republic. It forms the central European divide 
of the Danube and Elbe rivers and represents a climatic border.

Characteristic for this area is its boundary position within the planetary circulation belt of 
the prevailing westerlies and continental influences from the east. The north-south orienta-
tion of the low mountain ranges additionally strengthens this climatic border. Relief-related 
microclimatic features are important – these include, among others, windward/leeward ef-
fects, which affect the distribution of precipitation, and cold-air accumulation in the valleys 
(Noack 1979, elliNg 1987). The average annual precipitation total is between 800 mm in the 
lowlands and 1800 mm in the higher regions. The mean annual air temperature ranges be-
tween 3.0°C at high elevations and 9.9°C at low elevations (1980–2015). 

Meteorological observational data
The first step was the collection of the available meteorological data series inside and in the 
vicinity of the study area. Table 1gives an overview of the number of used measuring sta-
tions and their origin (see Fig. 1). 

The data were retrieved from the different providers, checked, and brought into the re-
quired format for the modelling. Depending on the origin of the data, it was also necessary 
to aggregate temporally higher-resolution data or disaggregate temporally lower-resolution 
(for example totalizers) data into the required time increment of one day. These changes 
mainly concerned the data of the administration of the Bavarian Forest National Park (NPV), 
the LWF and the IMK-IFU. 

Besides its five meteorological stations (Waldhäuser, Schachtenau, Waldschmidthaus, 
Rachel- and Schachtendiensthütte), the NPV operates some sites where air temperature and 
humidity are measured for different research projects (listed in the last column of Table 1). 
Among them are 17 BIOKLIM stations (BässleR et al. 2015) with continuous measurements 

Table 1. Used meteorological observation sites with operator and type of data (ICS – incomplete climate 
station, e.g. only air temperature and humidity).

Company / Institution Country
Number of observation sites

Climate Precipitation ICS

German Meteorological Service (DWD) Germany 12 69

Gewässerkundlicher Dienst Bayern (GKD, LfU) Germany 7

Landesamt für Umwelt, Referat Grundwasser 
monitoring (LfU) Germany 1

Agrarmeteorologischer Dienst Bayern (AMD) Germany 8

Institut für Meteorologie und Klimaforschung 
– Institut für atmosphärische Umweltforschung 
(IMK-IFU)

Germany 1

Administration of the Bavarian Forest NP (NPV) Germany 5 27

Landesanstalt für Wald und Forstwirtschaft (LWF) Germany 2 3 (+36)

WWA Deggendorf Germany 1

Zentralanstalt für Meteorologie und Geodynamik 
Österreich Austria 1

Czech Hydrometeorological Institute (CHMI) Czech Republic 9 23

Administration of the Šumava NP Czech Republic 6
Total 211 37 139 35
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since 2006, and four (until 2007 five) sites on former windthrow areas with only summer 
measurements since 1987/1988. The monthly precipitation sums at seven BIOKLIM stations 
(also only in summer) and four windthrow-stations were disaggregated by adjacent reference 
stations to daily values. Prerequisite for this was the existence of a quasi-continuous pre-
cipitation reference time series in daily resolution from a nearby station.

The wind speed is measured at a limited number of sites only (cf. Figs. 2, 7). These data, 
measured at different heights above ground level, were transformed to equivalent 2 m-values 
as input for the calculation of the grass reference evapotranspiration (DVWK 1996, ATV-
DVWK 2002) as follows: 

         (1)
                z

where v2 is wind speed at 2 m above ground level, vz is wind speed at z m above ground level, 
and a is parameter in dependence of the surface roughness (0.13–0.7).

When evaluating the simulation results, it should be noted that, only at a few sites, there  
are continuous series of measurements of all required weather characteristics for the simula-
tion period of 1 January 1980 to 31 December 2015 (see Fig. 2 for an overview of the avail-
able time series over the whole period). All measuring stations with time series of more than 
180 daily values per year are counted as operational for the specific meteorological element 
in the year. 

According to the fraction of the operational stations, the treated period can be sub-di-
vided into three parts: 1980–1990 with a very poor meteorological database, 1991–2005 with 
improved coverage, and since 2006 with further continuous improvement of the database 
(air temperature and humidity, wind speed, and global radiation) especially by the setup of 
new (though mostly incomplete) climate stations in both national parks. The situation with 
regard to the precipitation measurements differs from this general trend, due to dismantling 
of many gauges by the DWD, which could only partly be compensated by the setup of new 
measurement sites by other providers. The particularly high fraction of precipitation gauges 
in the first period was caused by a measurement campaign of the summer precipitation in the 
research catchment Große Ohe (thums 1993).

Fig. 2. Fraction of operational stations measuring precipitation (normalized to a total number of 192 stati-
ons), air temperature (normalized to 71 stations), air humidity (65 stations), global radiation (33 stations) 
and wind speed (37 stations).
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Besides the temporal availability, the spatial distribution of the measuring stations is a 
crucial aspect for the regionalisation of its meteorological data. The correct position deter-
mination of the stations over the entire simulation period was difficult because of relocation, 
dismantling, and new setup of some observing stations. This particularly concerns the sta-
tions of the DWD. Overall, we found a high density in the central part of the Bavarian Forest 
National Park in the research catchment Große Ohe (BeudeRt et al. 2007) and around the 
Großer Falkenstein Mt. as a focus area of the BIOKLIM project since 2006 (BässleR et al. 
2015). In the other parts of the study area, the number of measuring sites is scarce (see Figs. 
4–8 for the individual meteorological elements). 

Gaps in the time series were filled based on the readings of adjacent stations, employing 
the same technique as used for the regionalisation of the meteorological station based data 
(see model chapter). In doing so, the vertical and horizontal distances between the stations 
were taken into account, while windward/leeward effects were neglected. 

GIS-model for the regionalisation of the meteorological data
In this study, two space models were built up to regionalise the station based data series, a 
grid-based model (100×100 m2) for the whole study area and a point model including all 
monitoring plots.

An important prerequisite for the successful application of the regionalisation procedure 
is a good topographical characterisation of the study area. Since no high-resolution digital 
terrain model (DTM) was available for the Czech parts of the model area at the beginning of 
the project, the SRTM elevation model for Europe with a resolution of 90 m was used for 
these regions. This virtually free-to-air DTM was created in a joint effort by the National 
Aeronautics and Space Administration (NASA), The National Geospatial-Intelligence Agen-
cy (NGA), and German and Italian space agencies (FaRR & koBRick 2000). The characteri-
sation of the German territories and all monitoring areas is based on the DTM5 of the Bavar-
ian State Office for Digitization, Broadband and Surveying.

Model
The calculations were made with the geostatistical interpolation techniques included in the 
catchment model ArcEGMO (BeckeR et al. 2002 and PFützNeR 2003). This model is a GIS-
based, multi-scale modelling system for spatially simulating hydrological processes in river 
catchments, which has been adopted as the standard method for hydrological impact studies 
in the area of the Bavarian Forest National Park (BeudeRt et al. 2007). 

The internal geostatistical interpolation techniques for regionalisation of meteorological 
input, the “Quadrant Method” and the “Inverse Distance Weighting Method” (nearest neigh-
bour method), were primarily developed for application in mesoscale hydrological models. 
Consequently, they operate rapidly and use commonly available meteorological data (e.g. 
from the DWD). Although a relatively dense sampling network exists for precipitation in 
Germany, the other main measured values are recorded only at major meteorological sta-
tions. To allow for the effects of different spatial resolution for the individual weather values, 
a distinction is made between the regionalisation of data for point measurements of precipi-
tation (total volume measured by precipitation stations and meteorological stations) and 
climate sampling (only meteorological stations). Series of measurements of precipitation, air 
temperature, wind speed, air humidity, as well as global radiation or duration of sunshine 
are expected for the climate sampling points. 

In the “Inverse Distance Weighting Method”, a variable number n of climate measurement 
points closest to the plot under consideration is used, independent of their direction concern-
ing the plot. The „Quadrant Method“ is based on values for the one station nearest to the 



74

Fig. 4. Average annual precipitation total (mm) in 1980–2015.

Fig. 3. Spatial distribution of selected measurement points around a sampling plot for the “Inverse Distance 
Weighting Method” with n = 4 (A) and the “Quadrant Method“ (B).
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centre in each quadrant (Fig. 3B). Thus, stations from all four directions are involved, which 
the “Inverse Distance Weighting Method” does not always guarantee (Fig. 3A).

Both methods employ vertical and horizontal distances between station and plot. Wind-
ward/leeward effects were neglected. The meteorological values P measured at n stations are 
weighted by distance according to equation 2 and allocated to the area of the plot. The sum 
of all weighting factors g is one.

       (2)

with                  .

It should be emphasized that considerable problems can be caused by a low density of 
meteorological stations and longer gaps in the datasets. This is particularly critical in the 
case of extreme precipitation events. Specific analyses of this problem have been performed 
in the Stepenitz Basin by lahmeR et al. (2000), using different interpolation methods: the 
quadrant method, two Kriging methods, and several versions of the ‘nearest neighbour’ 
method. The quadrant method generally provides results which are almost as good as the 
more time-consuming Kriging methods. 

Fig. 5. Average annual air temperature (°C) in 1980–2015.
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Allocation of values to the plots takes place under consideration of local topology. There-
fore, the average dependence of the particular meteorological element y on altitude h is esti-
mated by a linear regression (y = a + b h) using all daily measurements of that particular 
meteorological value in the simulation period. The Pearson correlation coefficient R is used 
as a measure of the linear correlation. It has a value between +1 and −1, where 1 is a total 
positive linear correlation, 0 is no linear correlation, and −1 is a total negative linear correla-
tion. 

    
         (3)
       

with 

and 

Using this method, validated in many previous applications of ArcEGMO (e.g. BeckeR et 
al. 2002 and PFützNeR 2013), we got the following average regression parameters (Table 2) 
for the period 1980–2015. 

Fig. 6. Average annual air humidity (%) in 1980–2015.
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Despite different microclimatic conditions, there is a close correlation between altitude 
and precipitation, temperature, and vapour pressure. An exception is the calculated elevation 
gradient for the wind speed which does not match the expectations (see the low Pearson 
coefficient in Table 2). 

The topology of a specific site influences global radiation and air temperature. To take this 
into account, we used the equivalent slope concept (lee 1962) for calculating the slope and 
aspect dependent correction for the global radiation. The slope dependent modification of the 
temperature is done following schulla (1997). 

Locations with only short series of measurements (for example time series from specific 
temporary research projects) were excluded from the final regionalisation procedure. They 

Fig. 7. Average annual wind speed 2 m above ground (m.s−1) in 1980–2015.

Table 2. Regression and correlation coefficients for the altitude dependence of the different meteorological 
elements.

Attribute y elevation gradient a (m–1) regression coeff. b Pearson coeff. R

precipitation 0.0021 1.62 0.77

air temperature −0.0046 10.05 –0.93

vapour pressure –0.0028 10.62 –0.94

wind speed 0.0012 0.83 0.45
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were only used for gap filling and the calculation of the elevation gradients. The number of 
stations used as sampling points was thus reduced to 93 precipitation gauges and 71 com-
plete and incomplete climate stations. Continuous time series of the included weather ele-
ments are thus available at all of these sampling points as truly observed or as interpolated 
values for 1 Jan 1980–31 Dec 2015. A correction of the precipitation (e.g. after RichteR 1995) 
was not applied.

results 
The gridded spatial distribution of the main meteorological parameters was calculated by 
these 164 measuring stations using the Quadrant Method. The respecting figures show pre-
cipitation amounts (Fig. 4), air temperature (Fig. 5), air humidity (Fig. 6), wind speed (Fig. 
7), and global radiation (Fig. 8) as arithmetic means of the simulated daily values for each 
grid in the period 1980–2015.

The specific yearly values for each of the 100×100 m2 grid cells are available at the admin-
istration of the Bavarian Forest National Park (NPV). Data with a higher temporal resolution 
(day or month) can be provided for sections of the study area upon reasonable request. The 
meteorological parameters at the 1073 individual monitoring plots in the study area (Fig. 1) 
were calculated in daily, monthly and yearly resolution. 

Fig. 8. Average annual global radiation (W.m−2) in the central part of the Bohemian Forest (1980–2015).
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The reliability of these results is determined not only by the quality of the weather meas-
urement series and station density, but also by the topological characteristics (ground level, 
slope and orientation) of the individual areas. These values were determined from the DTMs 
as a spatial average over the individual area. Location errors especially affect the quality of 
the radiation and temperature calculation. The assessment must, therefore, be carried out 
separately for each area and the individual time periods, taking into account these boundary 
conditions. Overall, the spatial distribution of the simulation results seems plausible for the 
entire period of 1980–2015 and was also double-checked for consistency against the Czech 
Climatological and German Hydrological Atlas (tolasz et al. 2007, HAD 2013). The only 
exception is the spatial distribution of the wind conditions (Fig. 7). The simulated wind 
speed at the mountain ridge between the Rachel and Lusen mounts seems to be too low. 
Here, the simulation is based on the measured wind data of five (seven for gap filling) sta-
tions of the NPV. The mean wind speeds at 2 m, calculated from these time series, are sig-
nificantly lower than for other stations at comparable altitude. The reasons for this (possible 
measurement errors, lee effects, specific topographic situation in the Große Ohe catchment, 
or others) remains to be determined.

Besides this plausibility check of the spatial distribution, the uncertainty of the interpo-
lated time series has been analysed for different representative sites. Three sites were se-
lected: one grid cell in the catchment Große Ohe including the climate station Rachel-Dienst-
hütte (RDH) at 874 m a.s.l. as an example for an area with many surrounding measuring 
stations, and two grid cells with a low density of surrounding climate stations, namely the 
grid cell icluding the CHMI-climate station Hojsova Stráž (867 m a.s.l.) and the grid cell 
with the DWD climate station Grainet-Rehberg (628 m a.s.l.) (marked as verification points 
in Fig. 1).

The daily simulation results of two different model runs were compared for these three 
grid cells. The first simulation was done including the specific climate station. These results 

Table 3. Comparison of interpolated and measured meteorological elements for three meteorological stati-
ons

Station / element sample 
size

average 
value

average 
value RMSE NRM-

SE
tole-
rance

fraction 
outside

obs. sim. (±) (%)
RDH (Rachel-Dienst hütte)
precipitation (mm.d−1) 12536 4.34 4.17 1.85 0.42 5 2.7
air temperature (°C) 3947 7.37 7.07 0.57 0.08 2 0.3
air humidity (%) 3814 79.6 79.3 3.54 0.04 10 1.1
Grainet-Rehberg
precipitation (mm.d−1) 13119 3.03 3.14 1.87 0.62 5 2.9
air temperature (°C) 13119 7.64 7.38 0.90 0.12 2 3.4
air humidity (%) 13112 80.39 81.34 5.17 0.06 10 5.8
wind speed (m.s−1) 8401 1.60 0.92 0.91 0.57 2 5.9
global radiation (J.cm−2) 3954 1045 1068 74.34 0.07 200 39.5
Hojsova	Stráž
precipitation (mm.d−1) 13149 3.18 3.57 2.39 0.75 5 4.6
air temperature (°C) 9861 6.67 6.21 1.02 0.15 2 8.6
air humidity (%) 9861 80.12 81.98 6.16 0.08 10 13.1
wind speed (m.s−1) 9861 1.46 2.37 1.12 0.77 2 12.0
global radiation (J.cm−2) 3255 798 866 59.68 0.07 200 31.8
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are labelled as “observed”. In the second run, this station was excluded (labelled as “simu-
lated” or “interpolated” values in the following). Only periods with existing measurements 
for the specific meteorological element were taken into account. Table 3 shows the sample 
size and the mean values for each evaluated element of the three sites. The Root Mean 
Square Error (RMSE, equation 4) and its normalised value NRMSE (equation 5) were used 
as criteria for the assessment of the reliability of the simulation results:

         (4)

and            (5)

with      
    
where ym is the observed value, ysim is the simulated value and n the sample size.

We imposed an allowed tolerance range for each meteorological element from the view-
point of hydrological modelling, based on the sensitivity of the model against this input 
value. This range is marked with red lines in all ysim-ym-plots (Figs. 9–13). For the regions 
with a high density of stations this range corresponds to the 3-RMSE-confidence interval. 

Fig. 9. Comparison of measured and interpolated values of daily precipitation sum at a site with a high 
station density (A: RDH) and a a site with a low station density (B: Grainet-Rehberg).

Fig. 10. Comparison of measured and interpolated values of daily air temperature at RDH (A) and Grainet-
-Rehberg (B).
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Fig. 11. Comparison of measured and interpolated values of daily air humidity at RDH (A) and Grainet-
-Rehberg (B).

Fig. 12. Comparison of measured and interpolated values of daily wind speed at Grainet-Rehberg (A) and 
Hojsova Stráž (B).

Fig. 13. Comparison of measured and interpolated values of daily global radiation at Grainet-Rehberg (A) 
and Hojsova Stráž (B).
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The agreement between observed and interpolated values of temperature and global ra-
diation is very good at all investigated sites. The simulated daily values fit the observed 
values over the whole period, as the low NRMSE (<0.2) show. The 3-RMSE-confidence in-
tervals fall within the imposed range (Figs. 10, 13). Though the NRMSE for the precipitation 
values is significantly higher, the concordance of observation and interpolation is still ac-
ceptable. More than 95% of all interpolated daily precipitation values of the investigated 
sites are inside the tolerance range of ±5 mm.d−1 (Fig. 9, Table 3). 

The positive impact of a high station density is clearly visible by direct comparison of the 
results for RDH and Grainet-Rehberg. The fraction of data points inside the tolerance frame 
is higher for RDH (Figs. 9–11), especially in case of the results for air humidity. Thougth the 
NRMSE for the humidity are very low at all sites, the interpolation results are not satisfying 
for Hojsova Stráž (not pictured but similar to the Grainet-Rehberg cell) and Grainet-Reh-
berg. The dispersion of the daily humidity values is critical (Fig. 11). 

The results of the interpolation of the wind speed data are unsatisfactory too, as is shown 
by the high NRMSE-values (Table 3) and the distribution of data points (Fig. 12). The inter-
polated wind speed values are only reliable in the surrounding areas of the rare wind meas-
uring stations.

As these figures demonstrate, the spatial density of surrounding stations directly deter-
mines the accuracy of the interpolation results. This translates into different reliability of the 
results in the three temporal intervals defined via the number of operational stations (Fig. 2). 
Thus, the results are less confident for the period of 1980–1990. The increasing number of 
measuring sites from 1991 until 2005 results in an improvement of the reliability. Since 
2006, we have the maximum of operational stations, which raise the reliability further, es-
pecially for the central part of the Bavarian Forest National Park.

conclusIons

All known time series of meteorological data available in the surrounding area of the two 
national parks were collected, checked and, if necessary, cleaned up and put into a uniform 
format for the period 1980–2015. These daily time series are available for a total of 211 sta-
tions for further evaluation. These time series will be updated periodically, and extended in 
case of the newly set-up stations.

Based on these data, the present goal was to describe the meteorological conditions in this 
4500 km2 study area at a spatial resolution of 100×100 m2. For this, the “Quadrant Method” 
was used, an internal geostatistical interpolation technique of the hydrological model 
ArcEGMO. The assessment of the reliability of the modelling results demonstrates its usa-
bility at large areas, with some restrictions (e.g. wind speed and air humidity). The quality 
of the results is very good for areas with a high station density, but decreases with a lower 
number of surrounding stations. Yet, the results for temperature, precipitation and radiation 
are still reliable for the regions with a low density of measuring stations.

This finding is consistent with the reliability estimates in previous hydrological modelling 
studies in the Ilz and the Große Ohe catchments (klöckiNg et al. 2005, BeudeRt et al. 2007, 
sPReNgeR et al. 2013). The simulated stream discharges as an integrating element of the con-
ditions in a catchment (including the meteorological characteristics) fit very well the ob-
served values at all discharge gauges.

Despite the restrictions (e.g. wind, humidity), the results of this regionalisation method 
can be used for further research projects in this region, such as the allocation of biodiversity 
patterns in the “Silva Gabreta Monitoring” project. 
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If higher accuracy is required, new interpolation methods need to be developed, including 
small-scale weather phenomena, or windward/leeward effects. Testing and verification of 
these new methods can be done with the herein developed database.
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Abstract
Fluxes of major ions and nutrients were measured in the catchment–lake system of atmospherically acidi-
fied Čertovo Lake between 1998 and 2017 hydrological years. Water balance was calculated from precipita-
tion and throughfall amounts, and measured outflow from the lake. The average water outflow from the 
system was 1216±247 mm.yr–1 (i.e., 39±8 l.km–2.s–1), and the water residence time in the lake averaged 
649±139 days. The Čertovo catchment remained an average net source of H+ (44±13 meq.m–2.yr–1) despite 
significant reductions in sulphur and nitrogen deposition since the late 1980s. Nitrogen saturation of the 
catchment soils caused low retention of the deposited inorganic N (23% on average) and the terrestrial NH4

+ 
removal and NO3

– production via nitrification (50 and 25 meq.m–2.yr–1, respectively) were the major terres-
trial H+ sources. Net terrestrial SO4

2– production (the second most important H+ source) decreased from ~49 
to ~31 meq.m–2.yr–1 between 1998–2002 and 2013–2017, and this decrease was accompanied by decreasing 
production of ionic Al (Ali) forms from ~47 to 26 meq.m–2.yr–1. The increasing terrestrial production of 
organic acid anions (A–) compensated for the decreasing SO4

2– leaching and maintained (and stabilized) low 
pH (4.1–4.5) in lake tributaries during the study period. Compared to precipitation, the catchment was a net 
source of all ions and nutrients (except for NH4

+). The in-lake biogeochemical processes reduced the incom-
ing H+ by ~40% (i.e., neutralized on average 223 meq.m–2.yr–1 H+, on a lake-area basis). The NO3

– and 
SO4

2– reductions and photochemical and microbial oxidation of A– were the most important H+ neutralizing 
processes (184, 38, and 140 meq.m–2.yr–1, respectively), while hydrolysis of Ali was the dominant H+ gener-
ating process (79 meq.m–2.yr–1). The lake was a net sink for all nutrients, removing on average 13–38% of 
total (terrestrial and atmospheric) inputs of dissolved organic carbon, phosphorus, nitrogen, and silicon.

Key words: recovery from acidification, nitrogen, sulphur, organic carbon, aluminium, base cations, phos-
phorus, pH.

IntroductIon

Čertovo Lake has been the most atmospherically acidified among all eight natural lakes 
situated in the mountain area of the Bohemian (and Bavarian) Forest along the Czech-Ger-
man border (Veselý et al. 1998, Vrba et al., 2003). The lake was acidified (pH <5.0 and with 
the depleted carbonate buffering system) already in the 1950s (ProcházkoVá & blažka 
1999, oulehle et al. 2012) and its acidification further progressed until the middle 1980s, 
when pH ranged between 4.1 and 4.4 (Veselý et al. 1993, 1998). The lake water chemistry 
has been recovering from acidification since the late 1980s (oulehle et al. 2012), exhibiting 
steadily decreasing concentrations of SO4

2–, Cl– and base cations (BCs = Ca2+ + Mg2+ + Na+ 
+ K+), and increasing pH (kopáček et al. 2016). The chemical recovery of Čertovo Lake is, 
however, slow and significantly delayed after the rapid decreases in emissions of S and N 
compounds into the atmosphere and acidic deposition in the Bohemian Forest (kopáček & 
hruška 2010). Our previous investigations of major fluxes and transformations of ions and 
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nutrients in the Čertovo catchment–lake system showed that its terrestrial part was a signifi-
cant source of acidity (due to net terrestrial production of SO4

2–, NO3
–, and H+ in soils), while 

the in-lake processes (SO4
2– and NO3

– reduction and oxidation of organic acid anions) only 
neutralized a small part of this additional H+ produced in the catchment (kopáček et al. 
2000a, 2001a, 2006). This terrestrial source of acidity is a legacy of long-term atmospheric 
acidification and N-saturation of the Čertovo catchment and was predicted to persist for 
decades considering the anticipated trends in atmospheric pollution (Majer et al. 2003, oul-
ehle et al. 2012).

The aim of this study is to evaluate how terrestrial sources of acidity and its in-lake neu-
tralization have progressed in the Čertovo catchment–lake system during the last two dec-
ades. Relying on measured annual fluxes of major elements in precipitation, throughfall, 
tributaries, and output from the lake, we calculate mass balances for major ions and nutri-
ents, quantify their sinks and sources within the catchment and the lake, and evaluate their 
changes during the whole 1998–2017 period. For this purpose, we review and synthesize 
already published studies on element fluxes in the Čertovo catchment–lake system, recalcu-
late previous mass balances of elements (kopáček et al. 2000a, 2001a, 2006) using new data 
on lake and catchment characteristics (kopáček et al. 2016, šobr & janský 2016), and sup-
plement them with unpublished data from 2006–2017.

MaterIals and Methods

Site	description
Čertovo Lake is situated near the Czech-German border at 13°12' E, 49°10' N, and an eleva-
tion of 1027 m a.s.l. It is a dimictic, oligotrophic lake of glacial origin, with surface area of 
10.7 ha and maximum depth of 35 m. The lake volume is 1.86×106 m3, of which 26%, 41%, 
31%, and 2% are in the 0–5 m, 5–15 m, 15–30 m, and deeper than 30 m layers, respectively 
(šobr & janský 2016). Čertovo Lake is fishless, most crustacean zooplankton are extinct, the 
phytoplankton is dominated by dinoflagellates and Chrysophyceae, and filamentous micro-
organisms dominate the bacterioplankton (Vrba et al. 2003, 2016). Submersed littoral mac-
rophytes are absent. The lake has seven surface tributaries (CT-I to CT-VII, Fig. 1), of which 
CT-II is the major tributary.

The Čertovo catchment (89 ha including the lake) is steep, with a maximum elevation 
gradient of 315 m. The bedrock consists of mica-schist (muscovitic gneiss), quartzite, and 
small amounts of pegmatite (Veselý 1994). The catchment soils are comprised of ~0.5 m 
deep dystric cambisol (58%), podsol (21%), and shallow (~0.2 m) leptosol (17%); wetlands 
and bare rocks represent ~3% and 1%, respectively. Fine soil is sandy (48–81%) with a low 
(1–4%) content of clay and a catchment weighted mean pool of 225 kg.m–2 (<2 mm, dry 
weight soil fraction). Soil pH (CaCl2 extractable) is low, with minimum values of 2.5–3.3 in 
A-horizons and maximum values of 3.6–4.5 in deeper mineral horizons. The mean effective 
cation exchange capacity of the soils is 104 meq.kg−1 (NH4Cl extractable Ca2+, Mg2+, Na+ and 
K+, and KCl extractable Al3+ and H+), of which 9% is base saturation and 62% and 29% is 
exchangeable Al3+ and H+, respectively (kopáček et al. 2002). The Čertovo catchment has 
been N-saturated (resulting in elevated in-lake NO3

– concentrations) since the ~1960s 
(ProcházkoVá & blažka, 1999, Majer et al. 2003).

The catchment is forested with mature Norway spruce (Picea abies), with a minor admix-
ture of European beech (Fagus sylvatica). The current forest was established after a severe 
disturbance that occurred between 1860 and 1870, and there had not been any important 
disturbances until windthrows in the winters of 2007 and 2008, which broke most of the 
trees along the south-western ridge of the catchment, mostly in the upper parts of the CT-IV 
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to CT-VII sub-catchments (kopáček et al. 2013b, 2016). Other relatively small patches with 
broken trees and a subsequent bark beetle outbreak occurred and spread throughout the 
whole Čertovo catchment from 2007–2011. Altogether, the total area of damaged forest (with 
>50% dead trees) increased from ~4 to 18% between 2000 and 2011 (kopáček et al. 2016). 
Another windthrow occurred in October 2017, damaged forest close to the ridge of the catch-
ment, but did not affect results of this study. For details on history of land use and forest 
composition in the Čertovo catchment see Veselý et al. (1993) and Veselý (1994). Details on 
the dominant understory vegetation are given by sVoboda et al. (2006).

Water	sampling
Water and elements fluxes have been determined since November 1997. Atmospheric depo-
sition was collected at three sites (Fig. 1). Precipitation was sampled in an open area without 
trees (2 samplers) at an elevation of 1175 m, <1 km north of the lake catchment. Throughfall 
was sampled at two forest plots (9 samplers at each plot) at elevations of 1045 m (TF-L) and 
1330 m (TF-H). For details on the sampling plots see kopáček et al. (2013c). At each plot, 
water volume was measured in each sampler, but for chemical analyses they were combined 
in an integrated sample. Rain was sampled in two-week intervals, and snow in four-week 
intervals. Samples from all seven tributaries and the outlet were taken in three-week inter-
vals and biweekly (weekly during snowmelt period), respectively. Discharges of tributaries 
were estimated using a stop-watch and bucket method. These discharge values were used for 
calculation of volume-weighted mean composition of terrestrial export (see later). Samples 
were immediately filtered through a 40-µm polyamide sieve to remove coarse particles re-

Fig.	1. Map of the Čertovo Lake catchment with the locations of sampling and measuring sites (tributaries, 
CT-I to CT-VII; outlet equipped with weir; precipitation in treeless area; and throughfall at low and high 
elevation plots, TF-L and TF-H, respectively).
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suspended from the streambed during sampling. The discharge from the lake was continu-
ously monitored using a gauge-recorder (part of an MS16 automatic weather station; J. Fie-
dler, České Budějovice; readings in 15-minute intervals) at a weir, situated ~150 m 
downstream of the lake. A water column profile (5–6 depths equally distributed between the 
surface and bottom) was sampled at the deepest part of the lake. Data from each October 
were used in mass budget studies (see below).

Water	chemistry	analysis
Samples of precipitation, throughfall, and stream and lake water were analysed using identi-
cal methods. Samples were filtered with either membrane filters (pore size of 0.45 µm) for 
the determination of ions and dissolved reactive silicon, or with glass-fiber filters (pore size 
of 0.4 µm) for other analyses, except for samples for pH, acid neutralizing capacity (ANC, 
determined by Gran titration), and total concentrations of aluminium (AlT), phosphorus 
(TP), organic carbon (TOC), and nitrogen (TN), which were not filtered beyond the field 
pre-filtration. Dissolved organic carbon (DOC) was analysed as CO2 with several TOC ana-
lysers (Table 1), all with a detection limit of <4.0 µmol.l–1. Particulate organic C (POC) in 

Table	1. Methods used for the determination of individual elements and nutrient forms and their abbrevia-
tions.

Abbreviation Explanation Assessment

ANC Acid neutralizing 
capacity Gran titration (Tacussel in 1997–2011, then Radiometer).

H+ (pH) Proton concentration pH electrode (combined, Radiometer)

NH4
+, Ca2+, Mg2+, 

Na+, K+, NO3
−, Cl−,  

SO4
2−, F−

Major cations and anions
Ion chromatography (Thermo Separation Products in 
1997–2000, Dionex IC25 in 2001–2011, then Dionex 
ICF-3000).

Si Dissolved reactive 
silicon Molybdate method (GolterMan & clyMo 1969).

AlT, Ali, Alo, Alp
Total, ionic, organically 
bound, and particulate Al

Fractionation according to driscoll (1984), colorimetry 
(douGan & Wilson 1974) throughout 1997–2017. Ali = 
dissolved Al – Alo. Alp = AlT – dissolved Al.

FeT, Fei, Feo, Fep

Total, ionic, organically 
bound, and particulate 
Fe

Fractionation according to driscoll (1984), colorimetry 
(kopáček et al. 2001b) throughout 1997–2017. Fei = 
dissolved Fe – Feo. Fep = FeT – dissolved Fe.

DOC Dissolved organic C
LiquiTOC analyser (Foss-Heraeus, Germany) in 1997–
1999 and Shimadzu analysers TOC 5000A in 2000–2015 
and then TOC-L.

POC Particulate organic C

Analysed on glass-fiber filters (pore size of 0.4 µm) in 
TOC analysers (Foss-Heraeus LiquiTOC, Shimadzu 
TOC 5000A/SSM, and Elementar vario Micro cube in 
1997–1999, 2000–2015, and 2016–2017, respectively).

TON, DON, PON
Total organic N, dissol-
ved organic N, particula-
te organic N. 

Kjeldahl digestion (ProcházkoVá 1960) for precipitation, 
CT-II and CT-VII, for throughfall in 1997–2001, otherwi-
se TOC/TN analyzer.1) PON = TON – DON.

TP, DP, PP Total P, dissolved P and 
particulate P.

Sample pre-concentration, HClO4 digestion, molybdate 
method (kopáček & hejzlar 1993). PP = TP – DP.

SRP Soluble reactive P Molybdate method (MurPhy & riley 1962).
1) Concentrations of TON and DON were calculated as the differences between concentrations of total and dissolved 
N, respectively (determined by TOC/TN analysers Formacs (Skalar, the Netherlands) in 2002–2009 and vario TOC 
cube (Elementar, Germany) in 2010–2012) and inorganic N.
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the lake outlet was determined on glass-fibre filters using several TOC analysers (Table 1). 
POC in the other samples was calculated as POC = TOC – DOC. Soluble reactive P (SRP) 
was determined by the molybdate method (MurPhy & riley, 1962), with the detection limit 
of 0.05 µmol.l−1. TP and dissolved P (DP) were determined by perchloric acid digestion and 
the molybdate method (kopáček & hejzlar 1993), but samples were 3- to 4-fold concen-
trated by evaporation (with perchloric acid at ~100°C prior digestion) to obtain a detection 
limit of 0.015 µmol.l−1. Particulate P (PP) was calculated as PP = TP – DP. Dissolved reactive 
silicon (Si) was determined by the molybdate method (GolterMan & clyMo 1969). Total and 
dissolved organic N (TON and DON; the difference between the respective Kjeldahl N and 
NH4-N) were determined by Kjeldahl digestion according to ProcházkoVá (1960), with 75 
ml of samples previously evaporated to obtain a detection limit of ~2 µmol.l−1. This method 
was used for CT-II, CT-VII, outlet and precipitation throughout the study and for throughfall 
from 1997–2001, otherwise concentrations of TON (DON) were the difference between total 
(dissolved) N, determined by the TOC/TN analysers, and inorganic N (Table 1). In this cal-
culation, inorganic N was the sum of NO3-N and NH4-N, whereas NO2-N (typically <1% of 
NO3-N) was neglected. Particulate organic N (PON) was calculated as PON = TON – DON. 
Concentrations of NH4

+, Ca2+, Mg2+, Na+, K+, NO3
−, Cl−, SO4

2−, and F− were determined by ion 
chromatography (Table 1). Detection limits for F– and NH4

+ were 0.1 and 0.4 µmol.l–1, re-
spectively. Concentrations of other ions were always higher than detection limits of the re-
spective methods.

Fractionation of aluminium according to driscoll (1984), i.e. AlT, dissolved Al, and non-
labile Al, were analysed in non-filtered samples, filtered samples, and cation-exchange-treat-
ed samples after their filtration, respectively, using the method by douGan & Wilson (1974). 
We assumed that concentration of organically bound Al (Alo) was equal to non-labile Al. 
Concentration of ionic positively charged Al species (Ali) was the difference between dis-
solved Al and Alo concentrations. Concentration of particulate Al species (Alp) was the dif-
ference between AlT and dissolved Al concentrations. The respective Fe fractions (FeT, Fei, 
Feo, and Fep) were obtained analogously to Al, and their concentrations were determined by 
the thiocyanate colorimetric method after sample evaporation and digestion with perchloric 
acid (kopáček et al. 2001b). Equivalent concentrations (one equivalent is one mole of charge) 
of Ali and Fei (Ali

n+ and Fei
m+, µeq.l−1) were obtained from their molar concentrations and the 

average charges of Al hydroxocomplexes (n) and Fe hydroxocomplexes (m), respectively. 
The n and m values were estimated from the theoretical distribution of ionization fractions 
of aqueous Al and Fe hydroxocomplexes, respectively, at the sample pH (stuMM & MorGan 
1981), neglecting F– and SO4

2– complexes (kopáček et al. 2000b). Concentrations of organic 
acid anions (A–, µeq.l–1) in stream and lake water were calculated from pH and concentra-
tions of DOC, Alo, and Feo according to kopáček et al. (2000b). Concentrations of A– in 
precipitation and throughfall were calculated from the empirical relationship of A– (μeq.l–1) 
= 4×DOC (mg.l–1) according to Mosello et al. (2008) and kopáček et al. (2009).

The reliability of the analytical results was controlled by means of an ionic balance ap-
proach, a comparison between measured and calculated conductivities (kopáček et al., 
2000b), and a standard sample (a frozen subsample of water annually taken from CT-II 
tributary), which was melted and assayed with each series of samples. For example in 2009, 
coefficients of variation for mean concentrations of the standard sample were 1–5% for all 
ions (except for F–), DOC, TP, and pH; <10% for TON and SRP; and <20% for F– (e.g., 55±2, 
36±3, 1.12±0.06, 0.84±0.08, and 1.1±0.2 µmol.l–1 for NO3

–, TON, TP, SRP, and F–, respec-
tively, n = 36) (kopáček et al. 2011). The differences between the sum of cations and the sum 
of all anions (including A–) were <±10% of the total ionic content in individual precipitation 
and throughfall samples, and <±4% for the annual volume weighted mean concentrations. 
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Similarly, the differences between the sums of cations and anions (including Ali
n+, Fei

m+ and 
A–) were <±5% of the total ionic concentration in the individual samples of stream and lake 
water. At higher differences, samples were re-analysed. For these ion balance controls, a half 
of detection limit was used when measured concentrations were lower than this limit. Posi-
tive ANC values were assumed to represent HCO3

– concentrations and HCO3
– = 0 was used 

for all ANC values ≤0 µmol.l–1.
Average rates of change in chemical composition of element fluxes were based on a re-

gression of their annual fluxes against time over the study period.

Mass	balance	and	net	terrestrial	and	aquatic	production	of	water	constituents
Mass balance of chemical constituents in the catchment soils and lake was calculated for 
individual hydrological years according to equations (1) and (2), respectively (kopáček et al. 
2016):

QDEPCDEP + πC = QTECTE + ∆MC       (1)

QTECTE + QPRCPR + πL = QOUTCOUT + ∆ML     (2)

where πC and πL (both in mol.yr−1) are the net mass production (when positive) or retention 
(when negative) of a constituent in the catchment and lake, respectively. QDEP, QTE, QPR, and 
QOUT (all in m3.yr−1) are water fluxes of atmospheric deposition (DEP) to the catchment soils 
(i.e., bulk deposition in the open area and throughfall deposition in forests), terrestrial export 
(TE) to the lake from the catchment (tributaries), direct atmospheric deposition to the lake 
surface (precipitation, PR), and total (measured) water output (OUT) from the lake, respec-
tively. CDEP, CTE, CPR, and COUT (all in mol.m−3) are annual mean concentrations of water 
constituents in the atmospheric deposition to the catchment soils, in terrestrial export via 
tributaries, in direct atmospheric deposition to the lake surface (precipitation), and in the 
lake output, respectively. The concentrations were calculated as annual volume weighted 
means (VWM) for CDEP and CPR and discharge and period weighted means (DPWM) for CTE 
and COUT. The annual DPWM value of CTE was calculated using the compositions and dis-
charges of all seven tributaries throughout the hydrological year (likens & borMann 
1995):

CTE = 

∑Cy,i Q y,i τ i                     (3)
                ∑Q y,i τ i

where y and i denote lake tributaries (CT-I to CT-VII, Fig. 1) and sampling period, respec-
tively, Cy,i is concentration of a water constituent and Qy,i water discharge in a tributary y 
during sampling i, and τi (days) is length of sampling period i. In this calculation, each flux 
was assumed to represent the whole period i given as the sum of halves of intervals between 
the sampling and the previous one and between the sampling and the next one. The annual 
DPWM value of water output from the lake (COUT) was calculated similarly by linking con-
tinuously monitored discharge data of the outlet with the corresponding weekly to biweekly 
concentration data.
∆ML (mol.yr−1) in equation (2) is the change in storage of a constituent in the lake and was 

calculated from equation (4):

∆ML = V (C2 – C1)        (4)

where V (m3) is lake volume and C1 and C2 (both in kg.m–3) are volume weighted mean con-
centrations of water constituents. The C1 and C2 values were obtained from data on all sam-
pled depths (usually five) between the surface and bottom at the beginning and the end of 
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each hydrological year, respectively, by linking the volumes of sampled water layers with the 
corresponding concentrations. We usually used data from October sampling for this purpo-
se. An analogous change in storage of a constituent in the catchment (∆MC; mol.yr−1) was not 
measured, but was assumed to be negligible in a one-year balance compared to the total 
element pools in the catchment. The equation (1) was thus rearranged to 

πC* = QTECTE – QDEPCDEP = πC – ∆MC, 

where πC* includes both the net mass production and change in storage of a constituent in 
the catchment.

The water balance was determined from the annual amounts (m.y–1) of precipitation in the 
open area (HPR) and throughfall (TF) at the low (L) and high (H) elevation plots (HTF-L and 
HFT-H, respectively), QOUT, and the budget for Cl−. The QOUT was continuously monitored us-
ing a gauge-recorder at a weir (Fig. 1). Because the total catchment area above the weir was 
2.3% higher than the Čertovo catchment, the measured QOUT values were corrected accord-
ingly to obtain water discharge from Čertovo Lake. Previously published data on element 
mass balances in the Čertovo catchment–lake system (kopáček et al. 2000a, 2001a, 2006) 
were accordingly corrected in this study. QDEP was calculated, assuming that 10% and 90% 
of the catchment area (estimates based on aerial photographs) received atmospheric deposi-
tion in the form of precipitation and throughfall, respectively, and that each of sites TF-L and 
TF-H represented 50% of the total throughfall deposition in the study catchment:

QDEP = (AC – AL) (0.1HPR + 0.9(0.5HTF-L + 0.5HTF-H))   (5)

where AC and AL (m
2) is area of the catchment (including lake) and lake, respectively, and 

coefficients 0.1 and 0.9 represent portions of the catchment, receiving atmospheric deposi-
tion in the form of precipitation and throughfall, respectively.

The total water input into the lake (QIN) was the sum of QTE and QPR. QPR = HPRAL and QTE 
was calculated from equation (2), using the measured QOUT and QPR fluxes and annual VWM 
concentrations of Cl− in precipitation (ClPR), annual DPWM concentrations of Cl− in lake 
tributaries (ClTE) and outlet (ClOUT), and change in storage of Cl– in the lake (∆ClL, calculated 
form equation 4). The net removal or production of Cl– in the lake was assumed to be negli-
gible (e.g., Van der Perk 2006) and thus πL of Cl− was set to zero:

QTE = 
QOUT ClOUT – QPRClPR + ∆ClL     

(6)
                           ClTE

Annual VWM concentrations of elements deposited to the catchment soils via atmos-
pheric deposition and canopy leaching were calculated from the amounts and VWM com-
positions of precipitation (CPR) and throughfall at the low (CTF-L) and high (CTF-H) elevation 
plots:

CDEP = 
0.1 CPRHPR + 0.9 (0.5 CTF-LHTF-L + 0.5 CTF-HHTF-H)   

(7)

          
0.1 HPR + 0.9 (0.5 HTF-L + 0.5 HTF-H)

where coefficients 0.1, 0.9, 0.5 are the same as in equation (5).

Mass	balance	of	protons	in	terrestrial	and	aquatic	ecosystems
Net terrestrial and aquatic production (or consumption) of protons and the contributions of 
individual constituents to these processes were calculated from budgets for ions, using the 
equation of electroneutrality:
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[H+] = [SO4
2–] + [NO3

–] + [Cl–] + [F–] + [A–] + [HCO3
–] – [NH4

+] – 
  – [Na+] – [K+] – [Ca2+] – [Mg2+] – [Ali

 n+] – [Fei
 m+]                       (8)

where brackets represent equivalent concentrations of components. According to this ap-
proach, any increase in concentration of cations and decrease in concentration of anions are 
H+ consuming processes. In contrast, any decrease in concentration of cations and increase 
in concentration of anions are H+ producing reactions. Changes in concentrations of ionic P 
and Si forms were neglected.

results

Concentrations
All tributaries were more acidic than precipitation (pH of 4.1–4.5 vs. 5.0) and atmospheric 
deposition to the catchment soils (pH of 4.8), and had higher concentrations of SO4

2–, NO3
–, 

H+, and Al forms (Table 2). In contrast, deposited NH4
+ was almost completely retained in 

soils and its concentration in tributaries was permanently low (<1 µmol.l–1). All tributaries 
had lower concentrations of DOC, TP, and TON than deposition to the catchment soils, and 
stream water SRP was always below the detection limit of 0.05 µmol.l–1. Tributaries CT-I to 
CT-V represented ~80% of the total terrestrial input to the lake and their chemistry was 
similar to that in the major tributary CT-II (Table 2), except for lower NO3

– concentrations 
in CT-I, due to a small wetland in its sub-catchment. The chemistry of tributaries CT-VI and 
CT-VII differed from the other tributaries, being significantly less acidic (pH of 4.5 vs. 
4.1–4.3) and having higher concentrations of BCs and Si, and lower DOC concentrations 
(Table 2). Such a different composition implies a higher proportion of groundwater (base 
flow) in these tributaries than in other sub-catchments.

The lake output had lower concentrations of H+, NO3
–, DOC, SO4

2–, Ali, Alo, Feo, and Si, 
but higher concentrations of particulate forms of all nutrients (POC, PON, PP) compared to 
tributaries and precipitation (Table 2). Concentrations of NH4

+ behaved differently to other 
ions, being higher in the lake output than in tributaries.

Details on annual average chemical composition of major fluxes in the Čertovo catch-
ment–lake system are for individual hydrological years summarized in Appendixes 2 to 6.

Secchi disc transparency varied between 2–6 m during the study. The thermal stratifica-
tion of Čertovo Lake developed characteristically for a dimictic temperate lake. The ice 
cover usually lasted from December to April, with the minimum, maximum, and average 
ice-on period of 92, 160, and 130 days, respectively, during 1998–2017. The autumn and 
spring overturns usually occurred in December and April, respectively, but were not always 
complete and bottom layers below ~25 m were not mixed in some years (e.g. in 2000; 
kopáček et al. 2001a). Anoxia only occurred in a thin (~1–3 m) layer above the bottom in the 
deepest part of the lake during the late stages of winter and summer thermal stratification 
(Fig. 2). At low redox potentials above the lake bottom, dissimilatory reduction processes 
occurred, decreasing NO3

– and SO4
2– concentrations and increasing concentrations of NH4

+ 
and Fe forms, while concentrations of conservative Cl– remained stable along the whole 
water column (Fig. 2). The changes in ionic composition increased the hypolimnetic pH (to 
~6 from ~4.5 in the epilimnion; Fig. 2C), as well as ANC concentrations that reached posi-
tive values (the carbonate buffering system was re-established above the bottom; Fig. 2D). 
With the pH increase towards neutrality, ionic Al species hydrolyzed and formed Alp (col-
loidal hydroxides). Concentrations of Ali were thus lower in the anoxic zone than in the rest 
of water column profile, while Alp concentrations sharply increased above the bottom (Fig. 
2I,J). These high Alp concentrations were accompanied with elevated TP concentrations 
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Fig.	2. Depth diagrams of temperature (T), dissolved oxygen (O2), pH, acid neutralizing capacity (ANC), 
NO3

–, SO4
2–, Cl–, NH4

+, ionic and particulate aluminium (Ali, Alp) and iron (Fei, Fep) during winter (22 March 
2017) and summer (23 October 2017) thermal stratification of  Čertovo Lake.
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(maximum of ~1 µmol.l–1) above the bottom, while its concentrations were one order of 
magnitude lower in the rest of water column (not shown), similarly to the lake outlet (Table 
2). Despite these elevated TP concentrations, DP remained low above the lake bottom, with 
SRP values close to or below the detection limit.

Water	fluxes
The average (± standard deviation) precipitation was 1309±273 mm.yr–1, with minimum and 
maximum values of 780 and 2080 mm.yr–1 (in 2015 and 2002), respectively. The deposition 
to the catchment (precipitation in treeless areas plus throughfall in forest) was 1429±206 
mm.yr–1 and ranged from 1045 to 2018 mm.yr–1 (Appendix 1). The average water outflow 
from the lake was 1216±247 mm.yr–1 (i.e., specific outflow of 39±8 l.km–2.s–1). The resulting 
average evapotranspiration from the catchment–lake system, based on precipitation and 

Table	3. Mean (± standard deviation) element fluxes in precipitation (PR), deposition to the catchment soils 
(DEP), terrestrial export (TE), net production of water constituents in the catchment (πC* = πC – ∆MC, cal-
culated from equation 1), and the associated H+ production/removal in soils of the Čertovo catchment in the 
1998–2017 hydrological years.

PR DEP TE πC* H+	source†

mmol.m−2.yr−1 meq.m−2.yr−1

H+ 16±8 25±10 69±14 44±13
Ca2+ 6.6±2.6 15±3 13±4 –1±3 3±5

Mg2+ 1.9±0.8 6±1 18±3 12±3 –23±7

Na+ 9.4±3.9 18±3 39±7 22±6 –22±6

K+ 4.7±3.8 33±5 10±2 –23±6 23±6

NH4
+ 35±10 51±8 0.8±0.5 –50±8 50±8

NO3
− 33±11 59±7 84±25 25±24 25±24

SO4
2− 14±6 23±9 46±15 24±9 47±18

Cl− 9±4 21±3 19±4 –2±3 –2±3

F− 1±1 1±1 2±1 1±1 1±1

DOC (A−) 126±36 727±94 648±209 –79±170 (–6±10)

HCO3
– 4±4 5±6 0±0 –5±4 –5±4

TON 23±8 47±20 25±8 –21±18

TP 0.7±0.3 1.2±0.3 0.15±0.06 –1.1±0.3

Si 0.4±0.1 ND 92±15 91±15

AlT 0.5±0.4 ND 26±7 25±7

Ali (Ali
n+) ND ND 17±5 17±5 (–45±14)

FeT ND ND 3.5±1.1 3.4±1.1
Fei (Fei

m+) ND ND 1.1±0.3 1.1±0.3 (–1±0.4)
Explanations: Values are given on a catchment-area basis; ND − not determined. When deposition of an 
element on the catchment soils was not determined, its net production was set equal to its terrestrial export. 
Positive πC* values indicate net production, while negative values indicate net removal; for their annual 
values see Appendix 7. † Release of cations and removal of anions are proton-consuming processes, while 
removal of cations and release of anions are proton-producing reactions. One meq = mmol of charge. Sum 
of H+ sources and sinks gives a net production of 45 mmol.m−2.yr−1.
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throughfall amounts, was 15%. This value was, however, lowered by interception. Conse-
quently, the actual total evapotranspiration from the catchment–lake system was >15% due 
to the direct water evaporation from canopies. Water residence time in the lake varied be-
tween 395 and 1005 days, with an average of 649±139 days over the study period.

Element	fluxes	in	catchment
Terrestrial part of the Čertovo catchment was a net sink for atmospherically deposited NH4

+, 
but a net source of most water solutes, with exception for Cl– (Table 3). The average fluxes of 
Cl– deposition and leaching were almost equal on a long-term (Table 3), but varied in some 
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Fig.	3. Time series of annual fluxes (based on a catchment area basis) of SO4
2–, NO3

–, base cations (BCs 
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+, and H+ in precipitation (PR), deposition to the catchment soils (DEP), and terrestrial 
export via tributaries (TE) in the Čertovo catchment in the 1998–2017 hydrological years.
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years. Terrestrial exports of NO3
–, SO4

2–, and Ali were higher than inputs to the catchment 
soils by precipitation and throughfall deposition throughout the study period (Fig. 3). This 
change in ionic composition resulted in a significant terrestrial H+ production of 44±13 meq.
m−2.yr−1 on a catchment-area basis, and in permanently higher terrestrial exports than was 
the atmospheric H+ input (Fig. 4H). This H+ production, resulting from the H+ mass balance 
(based on pH measurements) in precipitation, throughfall and tributaries, was in good con-
cordance with H+ production calculated from equation (8) as the sum of individual H+ sourc-
es (terrestrial production of anions and removal of cations) and sinks (terrestrial production 
of cations) that averaged 45 meq.m–2.yr–1 from 1998–2017. Both estimates thus differed by 
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Fig.	4. Time series of annual fluxes (based on a lake area basis) of SO4
2–, NO3

–, base cations (BCs = sum 
of Ca2+, Mg2+, Na+ and K+), total aluminium (AlT), dissolved organic carbon (DOC), total organic nitrogen 
(TON), NH4

+, and H+ in total input (IN, tributaries and precipitation) to and outlet (OUT) from Čertovo Lake 
in the 1998–2017 hydrological years.
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<2% on average. The most important H+ sources were net retention and nitrification of NH4
+ 

(50 and 25 meq.m–2.yr–1, respectively), SO4
2– production (leaching of 47 meq.m−2.yr−1), while 

terrestrial production of Ali, Mg2+, and Na+ ions represented the most important H+ sinks (45, 
23, and 22 meq.m−2.yr−1, respectively).

Terrestrial exports of DOC and TON were lower than their deposition to the catchment 
soils (amended by contribution of canopy leaching to throughfall deposition), but were high-
er than their inputs via precipitation (Fig. 3). However, sources of DOC and TON in pre-
cipitation and throughfall are fundamentally different from their stream water sources. In 
contrast to DOC, terrestrial export of TP was even lower than its flux in precipitation, and 
Čertovo catchment was a net sink of deposited P, averaging 1.1 mmol.m−2.yr−1 during this 
study (Table 3).

Element	fluxes	in	lake
The in-lake processes caused reductions in NO3

–, A–, SO4
2–, and Ali fluxes (Table 4, Fig. 4) 

and a pH increase in the lake outlet compared to their inputs by tributaries and precipitation 
(4.5 vs. 4.3 on average; Table 2); i.e., the input H+ flux decreased by ~40% from 524 to 316 
meq.m–2.yr–1 on a lake area basis (Table 4). The net in-lake H+ removal (calculated on the 
basis of pH values in precipitation, tributaries and lake outlet) averaged 223 meq.m–2.yr–1. 
This value is not a simple difference between the input and output fluxes because it also in-
cludes a net change in H+ storage in the lake (equation 2) that decreased by 15 meq.m–2.yr–1 
during the study. The pH-based estimate was similar to the H+ removal calculated from 
equation (8) that averaged 234 meq.m–2.yr–1. Both estimates thus differed by <5% on aver-
age. The most important internal H+ sinks were NO3

–, A– and SO4
2– removals (184, 140, and 

38 meq.m–2.yr–1, respectively), while Ali transformations were the most important in-lake H+ 
sources of 79 meq.m−2.yr−1 on average (Table 4). In contrast to H+, the lake was negligible 
sink for BCs (Fig. 4C), and was a net source of NH4

+ in most years (Fig. 4G), with the long-
term average production of 4 mmol.m–2.yr–1.

The lake was a net sink for all nutrients, removing on average 22% of TP, 36% of total N, 
38% of DOC, and 13% of Si inputs (Table 4). Precipitation to the lake surface was the major 
SRP source, while its concentrations were <0.05 µmol.l–1 in tributaries (Table 2).

dIscussIon

Major	processes	affecting	mass	budget	of	protons	in	Čertovo	catchment
Terrestrial transformations of inorganic N were the most important H+ producing process in 
the Čertovo catchment (Table 3). This H+ production due to N transformations was almost 
twofold higher than the maximum observed at 17 European forest sites (–5 to 46 meq.m–2. 
yr–1) by Forsius et al. (2005). The progressed stage of N-saturation of the Čertovo catchment 
and its low ability to retain the deposited inorganic N (on average only 23%) even after sig-
nificantly reduced N deposition compared to the 1980s (kopáček & hruška 2010) thus con-
tribute to the high proportion of NO3

– in the total terrestrial export of strong acid anions (= 
SO4

2– + NO3
– + Cl–) (Appendix 4), as also observed in other N-saturated areas (roGora 

2007). The terrestrial NO3
– export usually increases after vegetation disturbances in catch-

ments (houlton et al. 2003, huber et al. 2004, huber 2005, Mchale et al. 2007). The ele-
vated NO3

– leaching also occurred in Čertovo sub-catchments CT-IV to CT-VI that were 
affected by windthrows in 2007–2008 (kopáček et al. 2016), and resulted in elevated ter-
restrial export of NO3

– during 2008–2013 (Fig. 3B). This excess NO3
– likely resulted from 

the mineralization of fresh dead biomass (litter and fine roots) and ceased N uptake by dead 
trees (kaňa et  al . 2015). Similar (and even more pronounced) ecosystem response to forest 
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damage, manifested by elevated terrestrial NO3
– exports, have occurred across the Bohemian 

Forest (oulehle et al. 2013), especially in the catchment of Plešné Lake (kopáček et al. 2017) 
and Rachelsee (Vrba et al. 2014), where the majority of mature Norway spruce stands were 
killed by bark beetle.

The release of SO4
2– was two times higher than deposition to the catchment soils (46 vs. 

23 mmol.m–2.yr–1 on average) during the study (Table 3). The source of this extra SO4
2– orig-

inated from S accumulated in soils during high atmospheric deposition in the 2nd half of the 

Table	4. Mean (± standard deviation) element fluxes in total input to lake [IN, sum of atmospheric depo-
sition on the lake surface (see precipitation in Table 3) and terrestrial export], output from lake (OUT), net 
in-lake production of water constituents (πL), and the associated H+ production/removal in Čertovo Lake in 
the 1998–2017 hydrological years.

IN OUT πL H+	source†

mmol.m−2.yr−1 meq.m−2.yr−1

H+ 524±109 316±104 –223±58
Ca2+ 103±28 101±31 –7±11 14±22

Mg2+ 133±26 126±27 –9±11 18±23

Na+ 298±55 275±58 –24±26 24±26

K+ 79±18 78±17 –1±6 1±6

NH4
+ 41±12 46±9 4±22 –4±22

NO3
− 647±184 473±130 –184±57 –184±57

SO4
2− 354±112 363±130 –19±26 –38±52

Cl− 150±30 152±37 ND

F− 18±8 19±8 0±8 –0.8±10

HCO3
– 3±14 0±0 –3±14 –3±14

DOC (A−) 4875±1530 2861±766 –1875±1132 (–140±71)

TON 210±56 198±45 –140±71

TP 1.8±0.5 1.4±0.3 –0.4±0.4

Si 671±111 576±108 –91±67

AlT 187±49 164±50 –33±26

Ali (Ali
n+) 126±40 126±44 –14±23 (79±41)

Alo 57±16 26±9 –30±14

Alp 4±2 12±3 11±13

FeT 26±8 28±11 4±17

Fei (Fei
m+) 8±2 11±7 1±11 (–0.2±10)

Feo 16±6 8±3 –7±7
Fep 2±2 9±4 10±15

Explanations: Values are given on a lake-area basis; ND − not determined. Values of πL were calculated from 
equation (2), data on the average annual change in storage of elements in the lake are not given. Positive val-
ues indicate net production, while negative values indicate net removal; for their annual values see Appendix 
8. † Release of cations and removal of anions are proton-consuming processes, while removal of cations and 
release of anions are proton-producing reactions. One meq = mmol of charge. Sum of H+ sources and sinks 
gives a net retention of 234 mmol.m−2.yr−1.
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20th century. The deposited SO4
2– is retained in soils (i) partly by adsorption on Al and Fe 

hydroxides, especially as soils acidify and the positive charge of these hydroxides increases 
(e.g., cosby et al. 1986, kaňa & kopáček 2005), and (ii) predominantly due to organic cy-
cling of deposited SO4

2– that is microbially reduced to S0 or S–II compounds and stored in 
soils (e.g., noVák et al. 2000, 2005). The reduced S is further used by S-oxidizing bacteria 
(and oxidized back to SO4

2–) as an electron donor after aeration of the originally anoxic mi-
cro-sites (clark et al. 2006). Despite the net annual terrestrial export of SO4

2– decreased 
from ~49 to ~31 meq.m–2.yr–1 during the study period (p <0.001), i.e., close to the prediction 
by MAGIC model (Majer et al. 2003, oulehle et al. 2012), the H+ fluxes remained almost 
stable (Fig. 3H). This disproportion resulted from the temporarilly elevated NO3

– leaching 
from 2008–2013 (Fig. 3B), and importantly from the significantly (p <0.001) increasing ter-
restrial DOC (and also A–) export after 2003 (Fig. 3E). The decrease in terrestrial SO4

2– pro-
duction was mostly compensated for by significantly (p <0.001) decreasing net terrestrial 
production of Ali (from 47 to 26 meq.m–2.yr–1 between 1998–2002 and 2013–2017), mani-
fested by the decreasing AlT leaching (Fig. 3D). The water in lake tributaries thus remained 
strongly acidic, with pH ranging from 4.2–4.3 throughout this study (Appendix 4), despite 
decreasing leaching of SO4

2– and AlT (Fig. 3A,D).
The Cl– behaved conservatively in the Čertovo catchment indicating balanced conditions 

in Cl– retention and release in a long-term perspective (Tables 2 and 3). However, annual 
Cl– fluxes in deposition (Apendix 3) and terrestrial export (Apendix 4) differed >10% during 
dry years (e.g., in 2003 and 2015), when Cl– input exceeded its export. In contrast, higher 
Cl– exports than inputs occurred in wet years. Chloride has been considered a conservative 
ion, with negligible retention in ecosystems, because annual Cl– leaching from undisturbed 
catchments is usually similar to the total annual Cl– input from atmospheric deposition (e.g., 
Peck & hurle 1973), especially at sites where atmospheric Cl– inputs exceed 17 mmol. 
m–2.yr–1 (sVensson et al. 2012). The average Cl– deposition to the Čertovo soils of 15 mmol.
m–2.yr–1 was close to this threshold (Appendix 3). On average 11% higher terrestrial export 
of Cl– than its deposition also occurred from 2008–2011, i.e., in years following the partial 
damage of Čertovo forest in 2007 and 2008. This response was in concordance with other 
studies. For example, kauFFMan et  al . (2003) and huber et al. (2004) have shown that a large 
amount of mineralisable chlorine is stored in the soil organic matter and may be leached as 
Cl– from decaying litter and roots, and liberated from decomposing soil organic matter after 
forest damage.

Terrestrial export of AlT decreased from ~30 to ~20 mmol.m–2.yr–1 during the study period 
(Fig. 3D) and was mostly associated with decreasing leaching of Ali and its concentrations 
in tributaries (from 17–19 to 9 µmol.l–1; Appendix 4). The decreased Ali leaching (despite 
stable stream water pH; Fig. 3H) occurred due to decreasing leaching of SO4

2– and represents 
the most important change in water recovery from acidification (Vrba et al. 2006). The Ali 
leaching was the major terrestrial factor mitigating the net terrestrial H+ production (Table 
3).

Net	terrestrial	sources	of	base	cations	and	organic	acid	anions
The interpretation of πC* values for BCs (Table 3) is not very straightforward except for 
conservative Na+. These values are related to BC deposition to the catchment soils that also 
includes canopy leaching (elements released during precipitation passing through the cano-
pies), i.e., a part of their internal cycling between soils and vegetation. Thus calculated πC* 
values suggest net Ca2+ and K+ retention in soils and underestimate terrestrial Mg2+ produc-
tion. The actual net terrestrial production of Ca2+, Mg2+, and K+ (without the soil-vegetation 
exchange) can be estimated as the difference between their terrestrial exports and net atmos-
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pheric inputs to the catchment. Total deposition of conservative ion Na+ was on average 1.87 
fold higher than that of precipitation. The Na+ exchange was negligible in Norway spruce 
canopies in the study catchment (kopáček et  al . 2009), hence, we can assume that its total 
(wet, dry, and horizontal) atmospheric input into the catchment was equal to the deposition 
to the catchment soils. Moreover, dry depositions of Ca2+, Mg2+, and K+ are assumed to be 
similar to that of Na+, due to the same physical size and aerodynamic properties of base 
cation-containing aerosols (draaijers & erisMan 1995). Total atmospheric input of the rest 
of BCs can thus be roughly estimated from their precipitation fluxes, multiplied by a factor 
of 1.87. This provides net (without contribution of canopy exchange) atmospheric inputs of 
Ca2+, Mg2+ and K+ to the catchment of 11.2, 4.2, and 1.5 mmol.m–2.yr–1 and their 1998–2017 
average terrestrial production of 0.8, 14.2, and 1.3 mmol.m–2.yr–1, respectively. The catch-
ment was thus higher source of Mg2+ than Ca2+, which is consistent with its almost one order 
of magnitude higher concentration in the Čertovo bedrock (kopáček et  al . 2002).

Similarly corrected for canopy leaching as BCs, the catchment was a net source of 18±13 
meq.m–2.yr–1 A–.

Net	phosphorus	retention	in	catchment	soils
The Čertovo soils were a net sink for atmospherically deposited P. The TP fluxes averaged 
0.7 and 1.2 mmol.m–2.yr–1 in precipitation and deposition to the catchment soils, respectively, 
while its average terrestrial export was 0.15 mmol.m–2.yr–1 (Table 3). The P pool in Čertovo 
soils has probably increased since their development (throughout Holocene), and the present 
average P concentration (catchment weighted mean for all soil horizons and soil types) is 
almost two fold higher than in the dominant (mica-schist) bedrock (24 vs. 13 mmol.kg–1; 
kopáček et  al . 2002). The retained P is probably adsorbed on soil Al and Fe hydroxides that 
are responsible for high phosphate adsorption capacity of the Čertovo soils (11.9 mol.m–2; 
kaňa & kopáček 2006). The present average P pool is about a half (~5.4 mol.m–2) of the 
total phosphate adsorption capacity of the Čertovo soils (kopáček et  al . 2002), which sug-
gests that soils may remain a net P sink for a long time even in future.

Major	processes	affecting	element	fluxes	in	Čertovo	Lake
The in-lake H+ neutralization was dominated by denitrification that reduced the input flux of 
NO3

– by 28% on average (Table 4). Similar high importance of NO3
– reduction on internal 

H+ cycle was also observed in other acidified lakes with elevated NO3
– inputs (schindler 

1986, kelly et al. 1987). The settling (removal) velocity of NO3
– calculated according to 

kelly et al. (1987) averaged 4.4±1.7 m.yr–1 in Čertovo Lake, and was within the range of 
similar data (2.8–12.7 m.yr–1) reported for 20 European and North American lakes (kelly et 
al. 1987, kaste & dillon 2003). The annual SO4

2– retention in Čertovo Lake (5% on aver-
age) was within the range of data reported for lakes with water residence times <4 years 
(5–19%; kelly et al. 1987, thies 1997) and its mass transfer coefficient (also called “settling 
velocity”)  averaged 0.6±0.8 m.yr–1. The SO4

2– role in the internal H+ neutralization was thus 
small during the study and will probably further decrease together with the decreasing in-
lake SO4

2– concentrations, anticipated by modelling (Majer et al. 2003, oulehle et al. 2012). 
Most of the NO3

– and SO4
2– removal probably occurred in sediments, even though denitrifi-

cation also could occur in the anoxic hypolimnion. The zone with depleted O2 (<1 mg.l–1) 
was, however, relatively thin in Čertovo Lake and only occurred in the deepest parts of the 
lake during winter and summer temperature stratification (Fig. 2; kopáček et al. 2000a, 
2001a).

The removal of A–, the second most important in-lake H+ neutralizing process after NO3
– 

reduction (Table 4), mostly occurs in the epilimnion. This H+ neutralizing process is associ-
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ated with the partial photochemical degradation of allochthonous DOC (kopáček et al. 2003, 
Porcal et  al . 2010) that oxidizes DOC and produces biologically available small molecular 
weight compounds for bacterial growth (e.g., Wetzel et al. 1995). The DOC (and A–) is thus 
photochemically and/or microbially oxidized to CO2 and H2O, removing one mole of H+ per 
each equivalent of the oxidized A–; e.g., for formic acid:

HCOO– + H+ + 1/2O2 = CO2 + H2O     (9)

The role of A– oxidation on in-lake H+ neutralization will probably further increase due to 
almost generally increasing DOC leaching from European catchments recovering from at-
mospheric acidification (Monteith et al. 2007, eVans et  al . 2012), which also occurs in the 
Bohemian and Bavarian Forest surface waters (kopáček et al. 2013a, beudert & Gietl 2015).

Photochemical degradation of allochthonous DOC and its increased availability for bac-
teria can explain the high proportion of bacteria in the total plankton biomass observed in 
Čertovo Lake (Vrba et al. 2003). Having a possibility to utilize the transformed alloch-
thonous DOC, bacterial grow is not limited by availability of organic exudates from pri-
mary (algal) production, which is small in this oligotrophic lake due to low P inputs. The 
lower in-lake production of algal exudates than the photochemical and microbial degradation 
of DOC resulted in net DOC removal in Čertovo Lake (Fig. 4E). Photochemical cleaving of 
allochthonous organic N to NH4

+ and NO3
– (Porcal et  al . 2014) was probably the major 

reason for net TON retention in the lake (Fig. 4F, Table 4).
Photochemical cleaving of DOC also significantly affects in-lake metal chemistry 

(kopáček et  al . 2003, Porcal et  al . 2010) and was r esponsibl e for  l iber at ing ~50% of Al o and 
Feo from their organic complexes as Ali and Fei (Table 4). The Alo and Feo concentrations 
were thus lower in the outlet than in the lake tributaries (Table 2) and the liberated metals 
contributed to their ionic forms, supplied by tributaries, in modifying in-lake H+ budgets.

The higher output fluxes of NH4
+ from Čertovo Lake than its input by tributaries and at-

mospheric deposition to the lake surface (Fig. 4G) resulted from internal NH4
+ generation by 

dissimilatory processes in the hypolimnion (Fig. 2H). The major source of NH4
+ for primary 

producers in the epilimnion is atmospheric deposition (Table 2). After its depletion, algae 
can utilize NO3

– as an alternative source of reactive N (ProcházkoVá et  al . 1970). The pro-
duced biomass settles and the organic matter is continuously microbially decomposed. The 
liberated NH4

+ accumulates in the anoxic zone, but is usually rapidly nitrified in the oxic 
parts of water column in circum neutral lakes (Wetzel 2001). However, nitrification was 
likely suppressed in Čertovo Lake due to its strong acidification as described for North 
American lakes by rudd & al. (1988). Consequently, the liberated NH4

+ was not nitrified in 
Čertovo Lake, and entered its outlet after mixing to the whole water profile during spring 
and autumn overturns. The lake thus became the net NH4

+ source in years when its dissimi-
lative production in the hypolimnion exceeded its assimilation in the epilimnion and the 
water column was completely mixed.

Hydrolysis of Ali (equation 10) was the most important in-lake acidity source, producing 
on average 79±41 meq.m–2.yr–1 of H+ (Table 4):

Al3+ + nH2O = Al(OH)n
3–n + nH+      (10)

The hydrolysis occurs along pH gradients between the input and output water (Table 2), 
and between the lake surface and bottom (Fig. 2C), resulting in a decreasing positive charge 
of hydroxyl-Al complexes, and a net in-lake production of Alp (mostly colloidal Al(OH)3) 
(kopáček et al. 2008). A part of this Alp left the lake via outflow (11 mmol.m–2.yr–1), the rest 
(33 mmol.m–2.yr–1) was deposited in sediments (Table 4). A similar effect of Fei on the in-
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lake H+ budget was negligible, due to its lower concentrations.
The formed colloidal Al hydroxides have large specific surfaces and a strong ability to 

bind orthophosphate from the liquid phase. Thus, orthophosphate liberated from the sedi-
menting organic matter by dissimilatory processes was removed from the liquid phase by 
adsorption on (or co-precipitation with) Alp and transformed to PP (kopáček et al. 2000c). 
This process explains low DP and SRP concentrations above the lake bottom despite elevat-
ed TP, but also HN4

+ concentrations (Fig. 2H) from microbial decomposition of settling  
seston.

The annual removal of Si in Čertovo Lake averaged 91±67 mmol.m–2.yr–1. The reduction 
of dissolved Si in lakes is commonly associated with diatom production (Wetzel 2001). 
Pelagic diatoms are, however, absent in Čertovo Lake, but Chrysophyceae form an important 
portion of the phytoplankton biomass (Vrba et  al . 2003, nedbaloVá et al. 2006). The sedi-
mentation of chrysophycean cysts and scales seems to be the most likely biological mecha-
nism contributing to the Si depletion in the lake.

conclusIons

Despite substantial reduction of central European anthropogenic emission and the conse-
quent deposition of S and N compounds since the late 1980s (kopáček & hruška, 2010), 
Čertovo Lake remains strongly acidic and its chemical and biological recovery from acidifi-
cation is slow (Vrba et  al . 2006, 2016). The H+ production associated with N cycle (NH4

+ 
assimilation and nitrification) and the excess SO4

2– leaching (desorption and microbial oxi-
dation of reduced S forms) play the most important role among the water acidifying proc-
esses in the lake catchment. The terrestrial export of SO4

2– decreased by 50% during the last 
two decades, but this source of terrestrial acidity was partly replaced by (i) temporally ele-
vated NO3

– leaching from sub-catchments affected by windthrows in 2007 and 2008, (ii) 
continuously increasing leaching of organic acid anions as a response to decreasing SO4

2– 

and NO3
– deposition (kopáček et  al . 2013a), and (iii) decreased leaching of Ali, from soils. 

Lake tributaries are thus strongly acidic, with pH between 4.1 and 4.5 (Table 2) and the de-
pleted carbonate buffering system. The most important change in stream water recovery 
from acidification is decreasing Ali concentration in the lake tributaries (Appendix 4) and 
output (Appendix 6).

The in-lake H+ removal processes neutralize ~40% of the total (terrestrial and atmos-
pheric) H+ input into the lake. This internal acidity removal, however, increases lake water 
pH only slightly, from 4.3 to 4.5. Water leaving the whole Čertovo catchment–lake system 
thus remains significantly more acidic than precipitation (pH of ~5.0; Table 2). The most 
important in-lake neutralizing processes are NO3

– reduction and A– oxidation, while Ali 
hydrolysis most importantly mitigates the H+ decrease associated with the former processes. 
Changes in in-lake concentrations of SO4

2–, BCs, and NH4
+ only play minor roles in the in-

ternal H+ balance (Table 4).
Results of this study suggest that chemical (and most probably also biological) recovery 

of Čertovo Lake will remain slow and may be even temporality reversed in future due to 
forest damages. The reason for such a high sensitivity of Čertovo catchment to acidification 
is low base saturation of soils that probably resulted from historical forest harvesting for 
wood, charcoal, and potash (Veselý 1994). The negative effect of acid rain thus could be 
strengthen by previous anthropogenic activities, highlighting the importance of cumulative 
stresses on ecosystems even in seemingly remote and protected areas.
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Abstract
Fluxes of major ions and nutrients were measured in the catchment–lake system of atmospherically acidi-
fied Plešné Lake between 2000 and 2017 hydrological years. The system has been recovering from acidifica-
tion since the late 1980s. Bark beetle killed ~90% of mature Norway spruce trees in the catchment from 
2004–2008 and all dead biomass was left in the catchment. The average water outflow from the system was 
1087±232 mm.yr–1 (i.e., 34±7 l.km–2.s–1) and the water residence time in the lake averaged 338±70 days dur-
ing 2000–2017. The Plešné catchment was an average net source of H+ (35±18 meq.m–2.yr–1) throughout the 
study. The most important H+ sources were net release of NO3

– and SO4
2– (76 and 37 meq.m–2.yr–1, respec-

tively) and retention of NH4
+ in soils (41 meq.m–2.yr–1), while terrestrial production of Ali and base cations 

represented the most important H+ sinks (53 and 78 meq.m–2.yr–1, respectively). The maximum terrestrial 
H+ production of 58 meq.m–2.yr–1 occurred after the tree dieback (an average for 2006–2010). The in-lake 
biogeochemical processes reduced the incoming H+ by ~65% (i.e., neutralized on average 267 meq.m–2. 
yr–1 H+ on a lake-area basis), and reached maximum values of 359 meq.m–2.yr–1 on average from 2006–2010. 
The NO3

– and SO4
2– reductions and photochemical and microbial oxidation of organic acid anions (A–) were 

the most important H+ neutralizing processes (395, 25, and 151 meq.m–2.yr–1, respectively), while hydrolysis 
of Ali was the dominant H+ generating process (243 meq.m–2.yr–1). The H+ concentrations in the lake have 
started to decrease since 2009, because inputs of NO3

– and A– have remained high enough to neutralize H+ 
by NO3

– reduction and A– oxidation, while H+ production by Ali hydrolysis has decreased due to decreasing 
terrestrial Ali export. The changes in composition of tributaries after the tree dieback thus caused rapid pH 
increase to >5 and a reestablishment of the carbonate buffering system in Plešné Lake.

Key words: recovery from acidification, nitrogen, sulphur, organic carbon, aluminium, base cations, phos-
phorus, pH

IntroductIon

Plešné Lake is the most productive among the glacial lakes in the Bohemian Forest (Vrba et 
al., 2003, 2016). After sparse historical studies from the end of the 19th century (Frič 1874) 
and the early 1960s (ProcházkoVá & blažka 1999), the limnology of Plešné Lake has be-
come the subject of regular monitoring since 1984 (Veselý et al. 1998a, b). The historical 
data on chemical and biological research of Plešné Lake were summarized by Veselý (1994) 
and hejzlar et al. (1998). The lake was atmospherically acidified already in the early 1960s 
(pH <5.4) and acidification progressed until the middle 1980s, when pH ranged between 4.4 
and 4.7 (Veselý et al. 1998a). The lake has been recovering from acidification since the late 
1980s (Majer et al. 2003). hejzlar et al. (1998) performed the first complex limnological 
study of Plešné Lake including water and sediment chemistry and biota. Since 2000, regular 
research on the lake has been further intensified, focusing on fluxes of major ions within the 
whole catchment–lake system, including water-sediment and soil-water interactions, and 
in-lake nutrients cycles (e.g., kopáček et al. 2001a, 2004, 2006, kaňa et al. 2013, 2015).
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Scientific interest in Plešné Lake further increased in the middle 2000s, when bark beetle 
killed most of mature spruce trees in its catchment. Since the tree dieback, element leaching 
from soils and lake water chemistry have started to change (oulehle et al. 2012, kopáček et 
al. 2017). The aim of this paper is to (i) evaluate major sources and sinks of acidity in the 
terrestrial and aquatic parts of the Plešné catchment–lake system in the 2000–2017 period 
using mass budget study on major ions and nutrients, (ii) evaluate their changes after the 
onset of tree dieback in 2004, and (iii) compare how major fluxes of elements differ from 
those in Čertovo catchment–lake system (kopáček et al. 2018b), a similar acidified ecosys-
tem in the same mountain area, but with predominately healthy forest and lower terrestrial 
phosphorus export. For this purpose, we review and synthesize already published studies on 
element fluxes in the Plešné catchment–lake system, recalculate previous mass balances of 
elements (kopáček et al. 2001a, 2006) using new data on lake and catchment characteristics 
(Šobr & janský 2016, kopáček et al. 2017), and supplement them with unpublished data.

MaterIals and Methods

Site	description
Plešné Lake is situated near the Czech-Austrian border at 13°52' E, 48°47' N, and an eleva-
tion of 1087 m a.s.l. It is a dimictic, oligotrophic lake of glacial origin, with surface area of 
7.2 ha and maximum depth of 17.7 m. The lake volume is 553×103 m3, of which 48%, 33%, 
18%, and 1% are in the 0–5 m, 5–10 m, 10–15 m, and deeper than 15 m layers, respectively 
(Šobr & janský 2016). Plešné Lake is fishless at present, with recovering plankton and lit-
toral communities. Acid-tolerant species of green algae, dinoflagellates, and filamentous 
cyanobacteria dominate in phytoplankton biomass, while two abundant copepods and scarce 
pelagic rotifers form the current zooplankton (Vrba et al. 2003, 2016). Littoral and sub-
merged macrophytes (Carex rostrata, Isoëtes echinospora) were sparse 1–2 decades ago, but 
their area rapidly increased during the last decade and reached ~0.28 ha in 2016 (čtVrtlíkoVá 
et al. 2016). Anoxia occurs regularly in the PL hypolimnion during both winter and summer 
stratification periods (kopáček et  al . 2004). Plešné Lake has two surface tributaries (PL-I 
and PL-II) and one known subsurface inlet (PL-IV) (Fig. 1). The PL-III tributary was sub-
surface until 2001, when the PL water level was decreased by ~0.5 m after a reconstruction 
of its outlet and a short inlet into the lake has appeared.

The Plešné catchment (67 ha including the lake) is steep, with a maximum elevation gradi-
ent of 288 m. The bedrock consists of granite (Veselý, 1994). The catchment is covered with 
~0.2 m deep leptosol (38%), and ~0.45 m deep podsol (29%) or dystric cambisol (27%); the 
rest is bare rocks (5%) and wetlands (~1%). Fine soil is rich in sand (~75%) and low in clay 
(~2%), and its catchment-weighted-mean pool is 92 kg.m–2 (<2 mm, dry weight soil fraction). 
Soil pH (CaCl2 extractable) is low, with minimum values of 2.5–3.1 in A-horizons and max-
imum (3.2–4.4) in the deepest mineral horizons. The mean effective cation exchange capac-
ity of the soils was 129 meq.kg–1 (NH4Cl and KCl extractable) in 2000, of which 15% was 
base saturated and the remaining was dominated by exchangeable Al3+ (57%) and protons 
(28%) (kopáček et al. 2002).

In 2000, mature Norway spruce forest (Picea abies) covered ~90% of the Plešné catch-
ment, was dominated by healthy trees, and dead trees (~7% of all adult trees) occupied <3% 
of the forest area in small patches distributed over the whole catchment (kopáček et al. 
2013a, 2017). The rest of vegetation cover (in steep slopes) was dominated by grass (Calama-
grostis villosa) and fern (Athyrium distentifolium). Blueberry (Vaccinium myrtillus) and fern 
formed the dominant understory vegetation in forest in 2004 (sVoboda et al. 2006). Forest in 
Plešné catchment has been damaged by a bark beetle (Ips typographus) outbreak since the 
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summer of 2004 (northwest part with the PL-I and PL-II sub-catchments; Fig. 1) and around 
2006 (the rest of the catchment). Most of trees died within 2–3 years after the onset of infes-
tation in the individual catchment parts. The trees lost most needles during first several 
months after the infestation. Then, they have been continuously losing twigs, bark, and 
branches until the end of this study, and were continuously broken (but not uprooted) by 
winds. Most of the trees died by 2009. In 2013, 88% of the original ~17,700 adult spruce trees 
in the PL catchment were dead, 66% were broken, and 93% of the Plešné forest area lost 
more than 80% of its original healthy trees. All dead biomass was left in the catchment 
(kopáček et al. 2013a, 2017).

Water	sampling	and	analyses
Precipitation was sampled in a treeless area (2 samplers; 13.871 E, 48.776 N) at an elevation 
of 1087 m, close to the lake catchment (Fig. 1). Throughfall was sampled at two forest plots 
(9 samplers each) at low elevation of 1122 m (TF-L; 13.868 E, 48.775 N; situated close to the 
lake) and high elevation of 1334 m (TF-H; 13.855 E, 48.777 N; situated close to the summit). 
Both throughfall plots were located in flat areas in mature Norway spruce forests (>150 
years old). The TF-H and TF-L plots have been affected by a bark beetle outbreak since the 
summers of 2004 and 2006, respectively, and all trees above the collectors died within 2–3 
years of infestation. By 2015, all the original adult trees were already broken by winds at 
both plots. Rain was regularly sampled in two-week intervals (May to October). Snow was 
sampled in two to four-week intervals (November to April). Samples were pre-filtered 
through a 200 µm polyethylene sieve to remove coarse particles, either during collecting 
(rain collectors were equipped with a sieve) or immediately after melting the snow from the 
winter collectors. Then, samples were stored in the dark at 4°C and subsamples for analysis 

Fig.	1. Map of the Plešné Lake catchment with the locations of sampling and measuring sites (tributaries, 
PL-I to PL-IV; outlet equipped with weir; precipitation in treeless area; and throughfall at low and high 
elevation plots, TF-L and TF-H, respectively).
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of nitrogen and phosphorus forms were frozen (–20°C). Samples were analysed within <3 
weeks after sampling. For more details see kopáček et al. (2013b).

Samples from lake tributaries were taken in approximately three-week intervals (more 
frequently during the snowmelt period) from November 1999 to October 2017, except for the 
PL-IV tributary that was sampled from January 2000. Samples were taken near the inlets to 
the lakes, except for subsurface tributaries that were sampled in a shallow artificial well 
(PL-IV) and in a small natural cave (PL-III during 1998–2001). The water discharge of sur-
face tributaries was estimated by means of a stop-watch and calibrated bucket at small natu-
ral waterfalls or rapids. In sub-catchments containing several tributaries in close proximity 
(PL-I and PL-II), an integrated sample was taken with sample volumes proportional to the 
discharge of the individual streams. Samples were immediately filtered through a 40-µm 
polyamide sieve to remove coarse particles re-suspended from the streambed during sam-
pling. For more details see kopáček et al. (2013a).

Samples from lake outlet were taken biweekly (weekly during the snowmelt period) and 
immediately filtered through a 200-µm polyamide sieve to remove zooplankton and coarse 
particles. The discharge from the lake was continuously monitored using a gauge-recorder 
(part of an MS16 automatic weather station; J. Fiedler, České Budějovice; readings in 15-
minute intervals) at a weir situated ~20 m downstream of the lake (Fig. 1). A water column 
profile (5 depths equally distributed between the surface and bottom) was sampled at the 
deepest part of the lake each October.

Methods for water analyses were identical to those used for water samples in the Čertovo 
catchment–lake system (kopáček et al. 2018b). For abbreviations of individual water con-
stituents and other methodological details see Table 1. Equivalent concentrations (one equiv-
alent is one mole of charge) of ionic Al (Ali) and Fe (Fei), i.e, Ali

n+ and Fei
m+ (µeq.l–1) were 

obtained from their molar concentrations and the average charges of Al hydroxocomplexes 
(n) and Fe hydroxocomplexes (m), respectively. The n and m values were estimated from the 
theoretical distribution of ionization fractions of aqueous Al and Fe hydroxocomplexes, re-
spectively, at the sample pH (stuMM & Morgan 1981), neglecting F– and SO4

2– complexes 
(kopáček et al. 2000a). Concentrations of organic acid anions (A–, µeq.l–1) in stream and lake 
water were calculated from pH and concentrations of DOC and organic Al and Fe forms (Alo 
and Feo) according to kopáček et al. (2000a). Concentrations of A– in precipitation and 
throughfall were calculated from the empirical relationship of A– (μeq.l–1) = 4×DOC (mg.l–1) 
according to Mosello et al. (2008) and kopáček et al. (2009). The reliability of the analytical 
results was controlled by means of an ionic balance approach, a comparison between meas-
ured and calculated conductivities (kopáček et al., 2000a), and a standard sample, which was 
melted and assayed with each series of samples. The differences between the sum of cations 
and the sum of all anions (including A–) were <±10% of the total ionic content in individual 
precipitation and throughfall samples, and <±4% for the annual volume weighted mean 
concentrations. Similarly, the differences between the sums of cations and anions (including 
Ali

n+, Fei
m+ and A–) were <±5% of the total ionic concentration in the individual samples of 

stream and lake water. At higher differences, samples were re-analysed. For these ion bal-
ance controls, a half of detection limit was used when measured concentrations were lower 
than this limit (Table 1).

Mass	balance	and	net	terrestrial	and	aquatic	production	of	water	constituents
Mass balance of chemical constituents in the Plešné catchment and lake was based on previ-
ous studies (kopáček et al. 2001a, 2004, 2006) and was calculated for individual hydrologi-
cal years from November 1 to October 31 according to equations (1) and (2), respectively:

QDEPCDEP + πC = QTECTE + ∆MC                                               (1)
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 QTECTE + QPRCPR + πL = QOUTCOUT + ∆ML                               (2)

In these equations, πC and πL (both in mol.yr–1) are the net mass production (when positive) 
or removal (when negative) of a constituent in the catchment and lake, respectively. ∆MC and 
∆ML (both in mol.yr–1) are annual changes in storage of a constituent in the catchment and 
lake, respectively. QDEP, QTE, QPR, and QOUT (all in m3.yr–1) are water fluxes of atmospheric 
deposition (DEP) to the catchment soils (i.e., precipitation in the treeless area and through-

Table	1. Methods used for the determination of individual elements and nutrient forms and their abbrevia-
tions.
Abbreviation Explanation Assessment

ANC, HCO3
– Acid neutralizing capacity, bicar-

bonate

Gran titration (Tacussel in 1997–2011, then Ra-
diometer). ANC = HCO3

– for ANC >0 µmol.l–1; 
HCO3

– = 0 for ANC ≤ 0 µmol.l–1.
H+ (pH) Proton concentration pH electrode (combined, Radiometer)

NH4
+, Ca2+, Mg2+, 

Na+, K+, NO3
−, Cl−,  

SO4
2−, F−

Major cations and anions

Ion chromatography (Thermo Separation Products 
in 1997–2000, Dionex IC25 in 2001–2011, then 
Dionex ICF-3000). Detection limits for ions were 
0.1–0.4 µmol.l–1.

Si Dissolved reactive silicon Molybdate method (golterMan & clyMo 1969).

AlT, Ali, Alo, Alp
Total, ionic, organically bound, 
and particulate Al

Fractionation according to driscoll (1984), 
colorimetry (dougan & Wilson 1974) throughout 
1997–2017; detection limit of 0.1 µmol.l–1. Ali = 
dissolved Al – Alo. Alp = AlT – dissolved Al. Dis-
solved Al = Ali + Alo.

FeT, Fei, Feo, Fep
Total, ionic, organically bound, 
and particulate Fe

Fractionation according to driscoll (1984), colo-
rimetry (kopáček et al. 2001b) throughout 1997–
2017; detection limit of 0.3 µmol.l–1. Fei = dissol-
ved Fe – Feo. Fep = FeT – dissolved Fe. Dissolved 
Fe = Fei + Feo.

DOC Dissolved organic C

LiquiTOC analyser (Foss-Heraeus, Germany) in 
1997–1999 and Shimadzu analysers TOC 5000A 
in 2000–2015 and then TOC-L; detection limit of 
<4.0 µmol.l–1.

POC Particulate organic C

Analysed on glass-fiber filters (pore size of 0.4 
µm) in TOC analysers (Foss-Heraeus LiquiTOC, 
Shimadzu TOC 5000A/SSM, and Elementar vario 
Micro cube in 1997–1999, 2000–2015, and 2016–
2017, respectively).

TON, DON, PON Total organic N, dissolved organic 
N, particulate organic N. 

Kjeldahl digestion (ProcházkoVá 1960) for pre-
cipitation, CT-II and CT-VII, for throughfall in 
1997–2001, otherwise TOC/TN analyzer1); dete-
ction limit of ~2 µmol.l−1. PON  = TON – DON.

TP, DP, PP Total P, dissolved P and particu-
late P.

Sample pre-concentration, HClO4 digestion, mo-
lybdate method (kopáček & hejzlar 1993); dete-
ction limit of 0.015 µmol.l−1. PP = TP – DP. 

SRP Soluble reactive P Molybdate method (MurPhy & riley 1962), dete-
ction limit of 0.05 µmol.l−1.

1) Concentrations of TON and DON were calculated as the differences between concentrations of total and 
dissolved N, respectively (determined by TOC/TN analysers Formacs (Skalar, the Netherlands) in 2002–2009 
and vario TOC cube (Elementar, Germany) in 2010–2012) and inorganic N.
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fall deposition in forests), terrestrial export (TE) to the lake from the catchment (tributaries), 
direct atmospheric deposition to the lake surface (precipitation, PR), and total (measured) 
water output (OUT) from the lake, respectively. CDEP, CTE, CPR, and COUT (all in mol.m–3) are 
annual mean concentrations of water constituents in the atmospheric deposition to the 
catchment soils, in tributaries, in direct atmospheric deposition to the lake surface (precipi-
tation), and in the lake output, respectively.

The water balance was determined from the annual amounts (H, m.y–1) of precipitation in 
the treeless area (HPR) and throughfall at plots HTF-L and HTF-H, continuously monitored QOUT, 
and the budget for Cl–. QDEP was calculated from equation (3):

QDEP = (AC – AL) (0.2HPR + 0.8(0.5HTF-L + 0.5HTF-H))   (3)

where AC and AL is area of the catchment (including lake) and lake, respectively, and coeffi-
cients 0.2 and 0.8 represent portions of the catchment, receiving atmospheric deposition in 
the form of precipitation (treeless area and thin forest) and throughfall (dense forest), respec-
tively. These estimates were based on aerial photographs. In this calculation we assumed 
that each of plots TF-L and TF-H represented 50% of the total throughfall deposition in the 
study catchment (coefficients of 0.5).

The total water input into the lake (QIN, m3.yr–1) was the sum of QTE and QPR. QPR = HPR·AL 
and QTE was calculated from equation (2), using the measured QOUT and QPR fluxes and an-
nual volume weighted mean concentrations of Cl– in precipitation (ClPR), annual average 
concentrations of Cl– in lake tributaries (ClTE

*) and outlet (ClOUT), and change in storage of 
Cl– in the lake (∆ClL). The ClTE

* values were calculated as arithmetical mean for all tributar-
ies, because Cl– concentrations in tributaries were similar. The net removal or production of 
Cl– in the lake was assumed to be negligible (e.g., Van der Perk 2006) and thus πL of Cl– was 
set to zero in equation (2) that was rearranged to:

QTE = 
QOUTClOUT – QPRClPR + ∆ClL     (4)

                            ClTE
*

The ∆ML (mol.yr–1) in equation (2), as well as ∆ClL in equation (4), is the change in storage 
of a constituent in the lake and was calculated from equation (5):

∆ML = V (C2 – C1)        (5)

where V (m3) is lake volume and C1 and C2 (both in mol.m–3) are volume weighted mean 
concentrations of water constituents. The C1 and C2 values were obtained from data on sam-
ples taken from five depths between the surface and bottom in the deepest part of the lake at 
the beginning and the end of each hydrological year, respectively, by linking volumes of the 
sampled water layers with the corresponding concentrations. We usually used data from 
October sampling for this purpose. An analogous change in storage of a constituent in the 
catchment (∆MC; mol.yr–1) was not regularly measured. The equation (1) was thus rearranged 
to:

πC* = QTECTE – QDEPCDEP = πC – ∆MC, 

where πC* includes both the net mass production and change in storage of a constituent in 
the catchment.

The annual average compositions of precipitation and throughfall were calculated as vol-
ume weighted means (VWM) for CPR and throughfall at the low (CTF-L) and high (CTF-H) el-
evation plots. When the SRP and F– concentrations were below their detection limits of 0.05 
and 0.1 µmol.l–1 (~2% and ~25% of all samples; kopáček et al. 2011), respectively, a half of 
these values were used in subsequent data evaluation.
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Annual average composition of deposition to catchment soils (CDEP) by both precipitation 
and throughfall (i.e., via atmospheric deposition and canopy leaching) were calculated from 
the respective precipitation and throughfall amounts and VWM compositions:

CDEP = 
0.2 CPRHPR + 0.8 (0.5 CTF-LHTF-L + 0.5 CTF-HHTF-H)

                     0.2 HPR + 0.8 (0.5 HTF-L + 0.5 HTF-H)    
(6)

where coefficients 0.2, 0.8, and 0.5 are the same as in equation (3).
Annual average compositions of surface tributaries (PL-I and PL-II during the whole 

study and PL-III from 2002) were calculated for individual hydrological years as discharge 
and period-weighted mean (DPWM) concentrations (likens & borMann 1995):

C = 
∑CiQiτi        

(7)
 

        ∑Qiτi

where Qi is water discharge and Ci is concentration of a water constituent during the sam-
pling i (the annual number of samplings was 17–19), and τi (days) is the length of sampling 
period i. In this calculation, each flux was assumed to represent the whole period i given as 
the sum of halves of intervals between the sampling and the previous one and between the 
sampling and the next one.

For subsurface tributaries, with no data on discharge (PL-IV during the whole study and 
PL-III prior to 2002), annual average concentrations were calculated as period-weighted 
means.

Annual average compositions of terrestrial export to the lake from the catchment via 
tributaries (CTE) was calculated as follows: Because discharge of subsurface tributaries was 
unknown, annual average values of CTE (representing a mixture of surface and subsurface 
tributaries) were calculated from annual average composition of subsurface (CSUBSUR) and 
surface (CSUR) tributaries and their relative proportions (r and 1 – r, respectively) to the total 
terrestrial water export. The r value was estimated from the balance for Ca2+ ions, because 
Ca2+ concentrations were about twofold higher in subsurface than in surface PL tributaries 
and could be used as a tracer (kopáček et al. 2001a, 2017):

rQTECSUBSUR + (1 – r)QTECSUR + QPRCPR + πL = QOUTCOUT + ∆ML   (8)

The πL value (–503 mol.yr–1) was estimated from a net Ca accumulation in the lake sedi-
ments. This value was based on the average mass accumulation rate in the Plešné sediments 
(85 g.m–2.yr–1), the average concentration of Ca in the uppermost sediment layer (78 µmol.
g–1 dry weight), and lake area. The average mass accumulation rate was calculated from the 
average accumulation rate of sediment (5.3 mm.yr–1) and the water content of the uppermost 
sediment layer (98.4%) in the Plešné sediments (schMidt et al. 1993). For more details see 
(kopáček et  al . 2001a). The ∆ML values were calculated from equation (5). The computed r 
values were 0.3–0.4 during the study, suggesting that ~30–40% of the QTE entered the lake 
via the subsurface tributaries. Then, the CTE values of all water constituents (except for Cl–) 
were computed as:

CTE = 
rQTECSUBSUR + (1

 
–
 
r)QTECSUR     (9) 

                         QTE

The annual average CSUBSUR values were arithmetical means of annual concentrations of 
water constituents in the PL-III and PL-IV tributaries. The annual average CSUR values were 
calculated using compositions and discharges of PL-I and PL-II as:
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CSUR = 
∑Cy,iQy,iτi       (10)

                       
∑Qy,iτi

where y and i denote lake tributary and sampling period, respectively, Cy,i is concentration 
of a water constituent, and Qy,i is water discharge in a tributary y during sampling i.

Annual average compositions of the total water input into the lake (CIN) was calculated 
from the total input of water constituents into the lake, i.e. the sum of their fluxes by tributar-
ies (QTECTE) and atmospheric deposition (QPRCPR) according to equation (11):

CIN = 
QTECTE + QPRCPR       (11)

                 QTE + QPR

Annual average composition of lake output (COUT) was calculated from equation (7) by link-
ing continuously monitored discharge data of the outlet (average discharges for τi periods) 
with the corresponding weekly to biweekly concentration data.

Mass	balance	of	protons	in	terrestrial	and	aquatic	ecosystems
Net terrestrial and aquatic production (or consumption) of protons and the contributions of 
individual constituents to these processes were estimated from budgets for ions, using the 
equation of electroneutrality:

[H+] = [SO4
2–] + [NO3

–] + [Cl–] + [F–] + [A–] + [HCO3
–] – [NH4

+] – 
               – [Na+] – [K+] – [Ca2+] – [Mg2+] – [Ali

 n+] – [Fei
 m+]   

(12)
  

where brackets represent equivalent concentrations of components. According to this appro-
ach, any increase in concentration of cations and decrease in concentration of anions are H+ 
consuming processes. In contrast, any decrease in concentration of cations and increase in 
concentration of anions are H+ producing reactions. Changes in concentrations of ionic P and 
Si forms were neglected.

In-lake	nitrate	and	sulphate	removal
The lake ability to remove NO3

– and SO4
2– was assessed using the following two coefficients 

(e.g. for NO3
–): (i) RNO3 = the NO3

– removal coefficient (the ratio of net in-lake NO3
– removal 

to the total NO3
– input, and (ii) SNO3 = the mass transfer coefficient for NO3

– (also called “set-
tling velocity”; m.yr–1). The relationship between SNO3 and RNO3 values is given by equation 
(13) (kelly et al. 1987):

SNO3 = RNO3     
qs       (13)

                       1 – RNO3

where qs (m.yr–1) is the areal water load per unit area of the lake. The qs value was calculated 
as qs = QTE/AL (kaste & dillon 2003).

results

Concentrations
The average chemical composition of Plešné tributaries differed from atmospheric deposi-
tion to the catchment soils in higher concentrations of H+, SO4

2–, NO3
–, metals, DOC, TON, 

TP and Si, and in one order-of-magnitude lower NH4
+ concentrations (Table 2). The compo-
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sition of surface inlets differed from the subsurface inlets predominantly in lower concentra-
tions of Ca2+, Mg2+, NO3

– and SO4
2–, and higher concentrations of TP, SRP, DOC, DON, Alo 

and Feo (Table 2). The TP pool was dominated by SRP (on average ~80%).
Annual average chemical composition of tributaries exhibited pronounced changes during 

the study period (Appendix 4). Concentrations of NO3
–, K+, Ca2+, Mg2+, H+, and Ali started to 

increase immediately after the tree dieback (after 2004), reached their maxima in 2009–
2011, and then decreased almost to their pre-disturbance levels by 2017. In contrast, concen-
trations of DOC and P forms started to increase more slowly, and their increase continued 
until the end of this study (Appendix 4). Concentrations of SO4

2–, Na+, and Si were not af-
fected by the tree dieback.

Compared to the chemistry of surface and subsurface tributaries and total water input to 
the lake (including precipitation), composition of the lake output had lower concentrations 
of H+, NO3

–, Al forms, DOC, DON, TP, SRP and Si, but higher concentrations of NH4
+, 

HCO3
–, POC, PON and PP (Table 2). Changes in in-lake concentrations of SO4

2–, Cl–, F –, 
base cations (BCs = Ca2+ + Mg2+ + Na+ + K+), and Fe forms were almost negligible.

The thermal stratification of Plešné Lake developed characteristically for a dimictic tem-
perate lake. The ice cover usually lasted from December to April, with the minimum, max-
imum, and average ice-on period of 100, 170, and 135 days, respectively, during 2000–2017. 
Secchi disc transparency varied between 0.8–1.5 m during the study and the thermocline 
depth between 3–5 m. The autumn and spring overturns usually occurred in December and 
April, respectively. Dissolved O2 was depleted above the lake bottom within a month after 
the development of thermal stratification and the anoxic layer increased up to 12 m depth 
before the overturns (Fig. 2B). At low redox potentials above the lake bottom, dissimilatory 
reduction processes occurred, decreasing NO3

– and SO4
2– concentrations and increasing con-

centrations of NH4
+ and Fe forms, while concentrations of conservative Cl– remained stable 

along the whole water column (Fig. 2). Concentrations of NO3
– also rapidly decreased in the 

epilimnion due to assimilation by algae, and the NO3
– maxima (persisting from spring over-

turn) usually were in the middle of the water column during its summer thermal stratifica-
tion (Fig. 2E).

The changes in ionic composition were accompanied by changes in water ANC and pH. 
The carbonate buffering system was depleted in the most of water column after spring over-
turns until 2013, then it has re-established and ANC concentrations have become positive 
throughout the year, with elevated values in the hypolimnion (Fig. 2D). The hypolimnetic 
pH increased toward ~6 during both winter and summer stratification (Fig. 2C). During 
winter stratification, the lowest pH values were below the ice, because water from surface 
tributaries (with temperature close to freezing point) had lower density than the rest of water 
column and flew through the surface layer. During summer stratification, water from tribu-
taries was colder and denser than that in the epilimnion and mixed with the deeper water 
layers. In addition, pH increased in the epilimnion due to assimilative processes (NO3

– re-
moval, see later) in summer. Consequently, the lowest pH values were in the middle of the 
water column in summer (Fig. 2C). With the pH increase towards neutrality, ionic Al species 
hydrolyzed and formed Alp (colloidal hydroxides). Hence, Alp concentrations were higher in 
summer than in winter and in the hypolimnion than in the epilimnion (Fig. 2J). In contrast, 
concentrations of Ali were higher in winter than in summer (Fig. 2I). The high Alp concen-
trations were accompanied with elevated TP concentrations (maximum of ~3.3 µmol.l–1), 
while concentrations of dissolved P forms (DP and SRP) were an order of magnitude lower 
above the bottom (not shown).
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Water	fluxes
The average (± standard deviation) precipitation was 1346±241 mm.yr–1 and varied between 
1020 and 1953 mm.yr–1 in 2015 and 2002, respectively. The deposition to the catchment soils 
(precipitation in treeless areas plus throughfall in forest) was 1338±223 mm.yr–1 and ranged 

Table	2. Average (± standard deviation) values of discharge (Q, for annual data see Appendix 1) and mean 
composition of precipitation (CPR, for annual data see Appendix 2), atmospheric deposition to the catchment 
soils (CDEP, precipitation in treeless area and throughfall in forest, for annual data see Appendix 3), tributaries 
(PL-I to PL-IV), terrestrial export via tributaries (CTE, for annual data see Appendix 4), total input to Plešné 
Lake (CIN, terrestrial export and precipitation to the lake surface, for annual data see Appendix 5), and output 
from the lake (COUT, for annual data see Appendix 6) during the period between November 1999 to October 
2017. Units: µmol.l−1, except for discharge (Q; l.s–1) and pH. For location of tributaries see Fig. 1.

CPR CDEP PL-I PL-II PL-III PL-IV CTE CIN COUT

Q * 3.3±0.6 ** 27±5 1.7±0.9 1.3±0.7 3.4±1.8 ND 19.4±4 22.6±5 21.9±5

pH 5.07±0.17 4.95±0.23 4.21±0.09 4.27±0.09 4.49±0.09 4.74±0.04 4.33±0.08 4.38±0.08 4.88±0.21

H+ 9±3 13±7 63±14 55±11 33±6 18±2 48±9 42±8 15±6

Ca2+ 4.0±0.8 8.2±3.3 20±4 21±5 27±4 41±6 25±4 22±4 22±4

Mg2+ 1.2±0.3 3.2±1.3 7.4±1.8 7.6±2.1 10±2 15±3 9±2 8±2 9±2

Na+ 6.7±1.3 10±3 42±6 43±7 43±5 52±3 45±5 39±4 38±2

K+ 2.3±0.9 14±10 22±11 20±11 16±6 16±4 19±8 17±7 16±7

NH4
+ 27±5 31±6 0.8±0.6 0.9±0.8 0.8±0.6 0.6±0.6 0.6±0.6 4±1 5±1

NO3
– 23±2 34±10 95±51 106±54 117±40 143±51 110±43 98±38 58±31

SO4
2– 8.1±1.8 12±5 28±7 28±6 33±9 44±11 32±7 28±6 29±7

Cl– 6.3±1.3 11±4 13±3 13±3 13±2 14±2 13±3 12±2 13±2

F– 0.6±0.5 0.8±0.4 3.5±1.0 3.4±0.9 5.0±1.3 7.0±1.3 4.4±1.0 3.8±0.9 4.1±0.8

HCO3
– 4.5±4.0 5.3±4.3 0 0 0 0 0 0.6±0.6 3.3±5.2

DOC 93±18 367±190 1165±280 841±177 432±102 153±22 766±159 669±142 408±104

POC 33±30 109±211 11±23 24±20 20±25 24±23 21±16 21±16 197±73

DON 12±4 18±6 35±8 28±8 20±7 10±2 27±6 25±68 20±5

PON 6±2 8±6 2±2 2±2 1±2 1±1 1±1 2±1 18±6

TP 0.44±0.16 0.66±0.22 1.39±0.42 1.18±0.26 0.63±0.15 0.18±0.04 0.98±0.23 0.91±0.20 0.46±0.10

PP 0.24±0.09 0.42±0.18 0.07±0.05 0.04±0.03 0.05±0.06 0.03±0.04 0.06±0.02 0.09±0.02 0.37±0.09

SRP 0.15±0.11 0.13±0.07 1.10±0.37 0.99±0.23 0.51±0.14 0.11±0.02 0.78±0.21 0.70±0.18 0.04±0.02

Si 0.5±0.3 ND 138±24 131±25 129±17 142±9 134±18 115±15 101±9

AlT 0.4±0.3 ND 31±4 30±5 29±5 30±7 31±4 26±4 20±3

Ali ND ND 17±5 18±6 22±6 26±7 20±5 17±5 10±3

Alo ND ND 14±3 11±2 6±1 2±1 10±1 8±1 5±2

FeT ND ND 2.7±0.6 1.9±0.3 0.9±0.1 0.2±0.1 1.7±0.3 1.5±0.2 1.6±0.3

Fei ND ND 0.6±0.2 0.5±0.2 0.3±0.1 0.0±0.0 0.4±0.2 0.4±0.1 0.3±0.1

Feo ND ND 1.9±0.6 1.3±0.3 0.6±0.1 0.2±0.1 1.2±0.3 1.0±0.2 0.7±0.2

Explanations: * Precipitation amount deposited to the lake surface, ** water amount deposited to the lake 
catchment with precipitation and throughfall.
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Fig.	2. Depth diagrams of temperature (T), dissolved oxygen (O2), pH, acid neutralizing capacity (ANC), 
NO3

–, SO4
2–, Cl–, NH4

+, ionic and particulate aluminium (Ali, Alp) and iron (Fei, Fep) during winter (17 March 
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between 1019 and 1969 mm.yr–1 (Appendix 1). The average water outflow from the lake was 
1087±232 mm.yr–1 (i.e., specific outflow of 34±7 l.km–2.s–1). The resulting average evapotran-
spiration from the catchment–lake system, based on precipitation and throughfall amounts, 
was 19±8 % during 2000–2017. This value was, however, lowered by interception in the 
period of healthy forest. Consequently, the actual average evapotranspiration from the Plešné 
catchment–lake system was >19% due to the direct water evaporation from canopies during 
the study period.

The tree dieback only had small effect (increase) on water outflow from Plešné catch-
ment–lake system relatively to the atmospheric water input. The ratio between water outflow 
and water input to the catchment soils increased from 0.72 to 0.84 (averages for 2000–2004 
and 2005–2017 periods, respectively, Appendix 1). In contrast, evapotranspiration from the 
catchment decreased due to ceased transpiration of dead trees, while soil wetness increased 
(for more details see kopáček et  al . 2017). The increased runoff was similar to other catch-
ments in the Bohemian and Bavarian Forest where disturbance exceeded 30% of forest areas 
(beudert et al. 2018).

Water residence time in Plešné Lake varied between 211 and 481 days, and averaged 
338±70 days during the study period.

Element	fluxes	in	catchment
Terrestrial exports of NO3

–, SO4
2–, BCs (except for Na+), and AlT were higher than their in-

puts to the catchment by precipitation and throughfall throughout the study period, and 
further increased after the tree dieback (Fig. 3). Terrestrial exports of DOC and TON were 
lower than their deposition to the catchment soils prior to 2009, but then higher (Fig. 3E,F). 
Terrestrial exports of TP and SRP (not shown) behaved similarly to DOC and increased 
until the end of this study. The Plešné catchment was a net P source, averaging 0.19±0.51 
mmol.m–2.yr–1 during this study (Table 3).

On a long-term basis, the Plešné catchment was a net sink for atmospherically deposited 
NH4

+ (Table 3) both prior to and after tree dieback (Fig. 3). The average Cl– deposition and 
leaching were almost equal on a long-term (Table 3), but differed on the annual basis. The 
Plešné catchment usually accumulated Cl– prior to the tree dieback, but became a net Cl– 
source from 2008 to 2017, when both fluxes equalled (Fig. 4A). Terrestrial export of Na+ was 
stable (except for elevated flux in 2002), permanently higher than its atmospheric input, and 
was not affected by the tree dieback (Fig. 4B). The elevated Na+ export in 2002 resulted (as 
in the case of other water constituents; Figs. 3 and 4B) from extremely high discharge (Ap-
pendix 1), associated with a summer heavy rain event. Patterns in terrestrial export of Si 
were similar to Na+ and their concentrations in tributaries were closely correlated (kopáček 
et al. 2017).

Terrestrial transformations of ionic fluxes resulted in a net terrestrial H+ production of 
35±18 meq.m–2.yr–1 on a catchment-area basis during 2000–2017 (Table 3), with maximum 
production of 58 meq.m–2.yr–1 from 2006–2010. The average pH of tributaries was thus per-
manently lower than pH of precipitation and deposition to the catchment soils (Table 2). The 
average H+ production, based on pH values in precipitation, throughfall and tributaries, was 
in good concordance with H+ production calculated from equation (12) as the sum of indi-
vidual H+ sources (terrestrial production of anions and removal of cations) and sinks (ter-
restrial production of cations) that averaged 36.5 meq.m–2.yr–1 during 2000–2017. Both esti-
mates thus differed by <4% on average. The net terrestrial H+ production (the difference 
between annual terrestrial export and deposition to the catchment soils; see Fig. 3H) was 
highest after the tree dieback (56 meq.m–2.yr–1 on average during 2006–2010). The most 
important H+ sources were net release of NO3

–, SO4
2–, and A– (76, 37, and 15 meq.m–2.yr–1, 
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respectively) and retention of NH4
+ in soils (41 meq.m–2.yr–1), while terrestrial production of 

Ali and BCs represented the most important H+ sinks (53 and 78 meq.m–2.yr–1, respectively). 
The contribution of NO3

–, BCs, and Al to modifying terrestrial H+ export reached maximum 
values during 2005–2011 (Fig. 3), while that of A– in 2016–2017 (see high terrestrial export 
of DOC in Appendix 4).
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Fig.	3. Time series of annual fluxes (based on a catchment area basis) of SO4
2–, NO3

–, base cations (BCs 
= sum of Ca2+, Mg2+, Na+ and K+), total aluminium (AlT), dissolved organic carbon (DOC), total organic 
nitrogen (TON), NH4

+, and H+ in precipitation (PR), deposition to the catchment soils (DEP), and terrestrial 
export via tributaries (TE) in the Plešné catchment in the 2000–2017 hydrological years. Grey area indicates 
the period of bark beetle outbreak in the Plešné catchment.
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Table	3. Mean (± standard deviation) element fluxes in precipitation (PR), deposition to the catchment soils 
(DEP), terrestrial export (TE), net production of water constituents in the catchment (πC* = πC – ∆MC, cal-
culated from equation 1), and the associated H+ production/removal in soils of the Plešné catchment in the 
2000–2017 hydrological years.

PR DEP TE πC* H+	source†

mmol.m−2.yr−1 meq.m−2.yr−1

H+ 12±6 18±11 53±17 35±18
Ca2+ 5.4±1.2 11±5 27±7 16±9 –32±19

Mg2+ 1.6±0.5 4.4±2.0 10.1±3 5.7±3.4 –11±7

Na+ 9.0±2.6 13±5 48±9 34±9 –34±9

K+ 3.2±1.4 20±14 21±10 1.1±20 –1±20

NH4
+ 36±8 42±9 0.7±0.6 –41±9 41±9

NO3
− 31±6 45±17 121±57 76±63 76±63

SO4
2− 11±4 16±8 34±11 19±6 37±12

Cl− 9±3 14±6 15±4 0.3±5.3 0±5

F− 0.8±0.6 1.0±0.6 5±2 5±1 5±1

DOC (A−) 124±30 507±291 834±241 326±426 (15±24)

HCO3
– 6±4 6±4 0±0 –6±4 –6±4

TON 24±7 35±16 30±9 –3±20

TP 0.6±0.2 0.9±0.4 1.1±0.3 0.19±0.51

Si 0.7±0.3 ND 144±23 143±24

AlT 0.5±0.4 ND 34±9 33±9

Ali (Ali
n+) ND ND 22±8 22±8 (–53±20)

FeT ND ND 1.8±0.5 1.4±0.5
Fei (Fei

m+) ND ND 0.5±0.2 0.5±0.2 (–0.5±0.2)

Explanations: Values are given on a catchment-area basis; ND − not determined. When deposition of an 
element on the catchment soils was not determined, its net production was set equal to its terrestrial export. 
Positive πC* values indicate net production, while negative values indicate net removal; for their annual 
values see Appendix 7. † Release of cations and removal of anions are proton-consuming processes, while 
removal of cations and release of anions are proton-producing reactions. One meq = mmol of charge. Sum 
of H+ sources and sinks gives a net production of 36.5 mmol.m−2.yr−1.
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Element	fluxes	in	lake
The internal processes caused reductions in NO3

–, A–, SO4
2–, and Ali fluxes (Table 4, Fig. 5) 

and increased pH in the lake outlet compared to their values in the lake input by tributaries 
and precipitation. The average input flux of H+ decreased by ~65% from 403 to 136 meq.
m–2.yr–1 on a lake area basis (Table 4). The net in-lake H+ removal (calculated on the basis of 
pH values in precipitation, tributaries and lake outlet) averaged 267 meq.m–2.yr–1 during the 

Table	4. Mean (± standard deviation) element fluxes in total input to lake (IN, sum of atmospheric depo-
sition on the lake surface, see precipitation in Table 2, and terrestrial export), output from lake (OUT), net 
in-lake production of water constituents (πL), and the associated H+ production/removal in Plešné Lake in 
the 2000–2017 hydrological years.

IN OUT πL H+	source†

mmol.m−2.yr−1 meq.m−2.yr−1

H+ 398±125 136±70 –266±71
Ca2+ 205±53 201±51 –6±21 13±41

Mg2+ 76±22 78±21 3±10 –6±20

Na+ 361±66 343±73 –21±36 21±35

K+ 157±75 145±64 –10±19 10±19

NH4
+ 41±10 45±19 3±32 –3±32

NO3
− 920±419 531±320 –395±129 –395±123

SO4
2− 263±81 364±94 –12±17 –25±34

Cl− 115±33 117±36 ND

F− 36±11 37±12 1±10 1±9

HCO3
– 5±4 27±42 33±52 33±52

DOC (A−) 6251±1778 3673±1170 –2400±673 (–151±65)

TON 246±73 339±98 93±70

TP 8.5±2.4 4.1±1.2 –4.3±1.3

Si 1056±172 907±171 –136±85

AlT 248±65 186±52 –62±33

Ali (Ali
n+) 163±57 91±43 –74±33 (243±81)

Alo 78±19 47±19 –29±14

Alp 7±3 48±16 41±22

FeT 14±4 14±4 1±4

Fei (Fei
m+) 3±2 3±1 –1±2 (1±2)

Feo 10±3 6±2 –3±2
Fep 1±0.4 5±2 5±3

Explanations: Values are given on a lake-area basis; ND − not determined. Values of πL were calculated from 
equation (2), data on the average annual change in storage of elements in the lake are not given. Positive va-
lues indicate net production, while negative values indicate net removal; for their annual values see Appendix 
8. † Release of cations and removal of anions are proton-consuming processes, while removal of cations and 
release of anions are proton-producing reactions. One meq = mmol of charge. Sum of H+ sources and sinks 
gives a net retention of 258 mmol.m−2.yr−1.
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whole study, and reached maximum values of 359 meq.m–2.yr–1 on average during 2006–
2010. This value is not a simple difference between the input and output fluxes because it 
also includes a net change in H+ storage in the lake (equation 2) that decreased by 4 meq.
m–2.yr–1 during the study (lake water pH during autumn overturns increased from 5.0 in 1999 
to 5.4 in 2017). The pH-based estimate was similar to the H+ removal calculated from equa-
tion (12) that averaged 257 meq.m–2.yr–1. Thus, both estimates differed by ~4% on average.

The most important internal H+ sinks were NO3
–, A– and SO4

2– removals (395, 151, and 25 
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Fig.	5. Time series of annual fluxes (based on a lake area basis) of SO4
2–, NO3

–, base cations (BCs = sum 
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meq.m–2.yr–1, respectively), while Ali transformations were the most important in-lake H+ 
sources of 243 meq.m–2.yr–1 on average (Table 4). In contrast to H+, the lake was negligible 
sink for BCs (Fig. 5C) and was a net source of NH4

+ in most years (especially in 2004–2009; 
Fig. 5G), with the long-term average production of 3 mmol.m–2.yr–1.

The lake was a net sink for all nutrients, removing on average 51% of TP, 25% of total N, 
38% of DOC, and 13% of Si inputs (Table 4). Terrestrial export via tributaries was the major 
SRP source for the lake (6.3 meq.m–2.yr–1) and represented ~74% of TP input to the lake. 
Organic dissolved P and PP from soils formed together 20% of the TP input, while atmos-
pheric inputs of all P forms only represented 6% of the total TP input to Plešné Lake during 
the study.

dIscussIon

Major	processes	affecting	mass	budget	of	protons	in	Plešné	catchment
Terrestrial transformations of inorganic N (IN = NO3-N + NH4-N) were the most important 
H+ producing process in the Plešné catchment, with the 2000–2017 average of 117 meq. 
m–2.yr–1 (Table 3). This value was 2.5 times higher than the maximum observed at 17 Euro-
pean forest sites (–5 to 46 meq.m–2.yr–1) by Forsius et al. (2005), and even higher than in 
strongly N-saturated Čertovo catchment in the same mountain area (Fig. 6). The IN-related 
production of H+ in the Plešné catchment was significantly affected by tree dieback, with 
averages of 51 and 142 meq.m–2.yr–1 in 2000–2004 and 2005–2017, respectively, and the 
maximum of 219 meq.m–2.yr–1 in 2009. The ability of the N-saturated Plešné catchment to 
retain the deposited IN was thus low already prior to the tree dieback, averaging 38% during 
2000–2004. After the tree dieback, however, the catchment became a significant net source 
of NO3

– and its terrestrial export exceeded IN deposition to the catchment soils by 85% on 
average during 2005–2017, with the maximum of 189% in 2009 (Fig. 3B). Similar steep in-
crease in NO3

– leaching after vegetation disturbances in catchments usually results from the 
mineralization of abundant dead biomass (litter and fine roots) and diminished N uptake by 
dead trees (houlton et al. 2003, huber 2005, Mchale et al. 2007, kaňa et  al . 2015).

The release of SO4
2– was more than twice higher as deposition to the catchment soils (34 
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vs. 16 mmol.m–2.yr–1 on average) during the study (Table 3). The most likely source of this 
extra SO4

2– was S accumulated in soils from high atmospheric deposition during the preced-
ing decades as in the case of Čertovo Lake (Fig. 6). The net annual terrestrial exports of 
SO4

2– decreased by ~50% during the study (as predicted by MAGIC modelling on the basis 
of development of its atmospheric deposition and S retention in soils; Majer et al. 2003, 
oulehle et al. 2018) and were not affected by the tree dieback (Fig. 3A).

On a long-term, the Cl– behaved conservatively in the Plešné catchment, only with negli-
gible average production during 2000–2017 (Table 3). However, the terrestrial Cl– export 
exceeded its atmospheric input after the tree dieback (Fig. 4A), similarly as observed in 
other disturbed forests (e.g., kauFFMan et  al . 2003, huber et al. 2004). This elevated Cl– 
leaching originates from mineralization of organically bound chlorine, stored in the soil 
organic matter (loVett et  al . 2005, bastViken et al. 2007, Öberg & bastViken 2012).

Leaching of A– started to contribute to the terrestrial H+ production with ~5 year delay 
after the tree dieback, when leaching of DOC increased (Fig. 3). The increase in DOC oc-
curred as concentrations of NO3

–, H+, and polyvalent cations started to decrease in soil water, 
suggesting that disturbance-induced changes in N cycling strongly influenced DOC leaching 
via both chemical and biological mechanisms (kopáček et al. 2018a). Elevated DOC leaching 
after tree dieback was also observed elsewhere and was mostly attributed to increasing soil 
wetness due to disrupted or diminished transpiration by dead trees (e.g., nieMinen 2004, 
Mikkelson et  al . 2013, bearuP et al. 2014).

The leaching of BCs and Ali peaked in 2009–2010, and then started to decrease to their 
pre-disturbance levels (Fig. 3). Their fluxes were affected by the tree dieback similarly to 
NO3

– (Fig. 3) that became the dominant strong acid anion in water, and cations accompanied 
predominantly its leaching as counter-ions. Consequently, the decreasing terrestrial export 
of SO4

2– from the Plešné catchment was not accompanied by decreasing Ali, as observed in 
the Čertovo catchment during the same period (kopáček et al. 2018b).

Net	terrestrial	sources	of	base	cations
The interpretation of πC* values for BCs (Table 3) is not very straightforward because they 
were related to deposition of BCs to the catchment soils that also included canopy leaching 
(elements released during precipitation passing through the canopies) prior to the tree die-
back. Later, BCs were also released from decaying dead biomass. The calculated πC* values 
thus underestimated net terrestrial production of Ca2+, Mg2+, and K+ in soils until 2004 and 
then overestimated this production for all BCs after the tree dieback. The actual net terres-
trial production of BCs can be roughly estimated as the difference between their terrestrial 
exports and net atmospheric inputs to the catchment during 2000–2004, when the net ac-
cumulation of BCs in mature trees was low. This period also preceded effects of tree dieback 
on throughfall composition and terrestrial export of BCs (Fig. 3C). Deposition of Na+ to the 
catchment soils was on average 1.6 fold higher than that of precipitation during 2000–2004. 
Because the Na+ exchange is negligible in Norway spruce canopies in the study catchment 
(kopáček et  al . 2009), we can assume that its total (wet, dry, and horizontal) atmospheric 
input into the catchment was equal to its deposition to the catchment soils. Moreover, dry 
depositions of Ca2+, Mg2+, and K+ are assumed to be similar to that of Na+, due to the same 
physical size and aerodynamic properties of base cation-containing aerosols (draaijers & 
erisMan 1995). Total atmospheric inputs of BCs to the Plešné catchment can thus be rough-
ly estimated from their precipitation fluxes, multiplied by a factor of 1.6. This provides net 
atmospheric inputs of Ca2+, Mg2+, Na+, and K+ to the catchment of 10.2, 3.3, 18.8, and 8.2 
mmol.m–2.yr–1, and their 2000–2004 average terrestrial production of 11.2, 4.4, 31.2, and 1.5 
mmol.m–2.yr–1, respectively. The higher net terrestrial source of Ca2+ than Mg2+ is consistent 
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with its almost twofold higher concentration in the Plešné granitic bedrock (kopáček et  al . 
2002). Thus estimated net terrestrial production of BCs is similar to their weathering rate as-
sessed by modelling (64 vs. 75 meq.m–2.yr–1; oulehle et al. 2018).

After the tree dieback, terrestrial export of BCs increased, while their atmospheric depo-
sition to the catchment soils continually decreased (Fig. 3C) due to thinning of dead cano-
pies, and consequently, decreasing horizontal deposition and ceasing their canopy exchange 
(kopáček et  al . 2013b, 2017). The average ratio of Na+ fluxes in total deposition vs. precipi-
tation decreased to 1.4 on average for the 2005–2017 period. The net terrestrial productions 
of Ca2+, Mg2+, Na+, and K+ during 2005–2017 (corrected using the Na-related factor of 1.4) 
were respectively 22.4, 8.9, 35.9, and 21.8 mmol.m–2.yr–1, and were thus higher by 11.2, 4.5, 
4.7 and 20.3 mmol.m–2.yr–1 than prior to the tree dieback. This excess leaching of BCs can be 
considered as their average annual loss from the decaying dead biomass to receiving waters 
during the last 13 years. The tree dieback and release from dead biomass are important 
sources of BCs for soil solutions (e.g., berg & Mcclaugherty 2008, PalViainen et al. 2004). 
The increased availability of BCs in the Plešné soils caused their rapid recovery from acidi-
fication. The released BCs replaced a part of H+ and Ali from the soil sorption complex and 
significantly increased soil base saturation in the upper soils (from 39–65% and from 21–
38% in the O and A horizons, respectively) between 2000 and 2015 (kaňa et  al . 2013, un-
published data).

Net	phosphorus	release	from	catchment	soils
The forest soils of the Plešné catchment are an important source of P for the lake (Table 3), 
and the terrestrial P export closely correlates with DOC leaching (kopáček et al. 2017). This 
terrestrial P flux, dominated by SRP, is ~5-times higher than that to the Čertovo Lake (ko-
páček et  al . 2018b), and is the major reason for Plešné Lake having the highest productivity 
of the Bohemian Forest lakes (Vrba et al. 2003, 2016). The most probable reasons for the 
high terrestrial P export from the Plešné catchment are (i) higher P release from the granitic 
bedrock (while mica schist dominates in the rest of the Bohemian Forest lake district), (ii) a 
lower overall phosphate sorption capacity of the Plešné soils (due to the lower concentrations 
of Fe hydroxides and lower pools of podsol and dystric cambisol, and a higher proportion of 
less-adsorbing leptosol), and (iii) high microbial P transformations and enzymatic P hydro-
lysis (Šantrůčková et al. 2004, kaňa & kopáček 2006, tahoVská et  al . 2018).

Major	processes	affecting	element	fluxes	in	Plešné	Lake
The in-lake H+ neutralization was dominated by NO3

– removal (Table 4, Fig. 6). The process 
removed on average 395±132 meq.m–2.yr–1 NO3

– (and H+), i.e., 43% of the total NO3
– input to 

the lake by inlets and atmospheric deposition. This internal acid neutralizing process is ty-
pical for acidified lakes with elevated NO3

– inputs (kelly et al. 1987, schindler 1986). Con-
tribution of denitrification and assimilation in the total NO3

– removal was approximately 1/3 
and 2/3, respectively, in Plešné Lake (kopáček et  al . 2006). Acidified lakes with elevated 
NO3

– inputs usually receive low P inputs, their primary production is P-limited, the algal 
uptake of N is low, and their NO3

– removal is dominated by denitrification in the sediments 
(schindler 1986, Molot & dillon 1993, kaste & dillon, 2003). While Čertovo Lake (ko-
páček et al. 2018b) represents such a typical acidified oligotrophic lake, Plešné Lake receives 
both high NO3

– and P inputs (Table 2). Due to high primary production in Plešné Lake (ko-
páček et al. 2004), N assimilation was higher than the NH4

+ input (the primary N source for 
freshwater phytoplankton) and NO3

– assimilation became an alternative N source for the 
plankton. Consequently, NO3

– assimilation prevailed in the NO3
– removal in Plešné Lake, 

while denitrification was the major NO3
– sink in Čertovo Lake (kopáček et al. 2018b). The 
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average SNO3 values were two-fold higher in Plešné than in Čertovo Lake (9.4 vs. 4.4 m.yr–1), 
but both values were within the range of similar data (2.8–12.7; on average 6.4 m.yr–1) repor-
ted for 20 European and North American lakes by kelly et al. (1987) and kaste & dillon
(2003).

The annual SO4
2– retention in Plešné Lake (5% on average, the mass transfer coefficient 

of 0.5±0.7 m.yr–1) was similar to Čertovo Lake, as well as lakes with short (<4 years) water 
residence times (kelly et al. 1987). The SO4

2– role in the internal H+ neutralization was thus 
small during the study (Fig. 6) and will further decrease together with the decreasing in-lake 
SO4

2– concentrations, anticipated by modelling (Majer et al. 2003, oulehle et al. 2018).
The in-lake removal of A– (151 meq.m–2.yr–1) was the second most effective H+ neutraliz-

ing process. This H+ neutralizing process is associated with the partial photochemical deg-
radation of allochthonous DOC (kopáček et al. 2003, Porcal et  al . 2004, 2010) that oxidizes 
DOC and produces biologically available small molecular weight compounds for bacterial 
growth (e.g., Wetzel et al. 1995). The DOC (and A–) is thus photochemically and/or microbi-
ally oxidized to CO2 and H2O, removing one mole of H+ per each equivalent of the oxidized 
A–; e.g. for formic acid:

HCOO– + H+ + 1/2O2 = CO2 + H2O     (14)

The photochemical and microbial decomposition removed 38% of DOC supplied by sur-
face inlets and decreased DOC concentrations in the outlet (Fig. 5E). This acid neutralizing 
process will likely remain important in all the Bohemian and Bavarian Forest lakes due to 
the continuing increase in DOC leaching to surface waters in this area (beudert & gietl
2015, kopáček et  al . 2018a).

The photochemical cleaving of DOC liberated 30–40% of Alo and Feo from their organic 
complexes as Ali and Fei (Table 4) and thus the Alo and Feo concentrations were lower in the 
outlet than in the lake tributaries (Table 2). This proportion of liberated metals was lower 
than in Čertovo Lake (~50%; kopáček et al. 2018b) due probably to the lower water transpar-
ency, higher pH, and shorter water residence time. The liberated metals contributed to their 
ionic forms, supplied by tributaries, in modifying in-lake H+ budgets.

Hydrolysis of Ali (equation 15) was the most important in-lake source of acidity, produc-
ing on average 243±81 meq.m–2.yr–1 of H+ (Table 4, Fig. 6):

Al3+ + nH2O = Al(OH)n
3–n + nH+      (15)
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Fig.	7. Time series of annual average pH of precipitation (PR), deposition to the catchment soils (DEP), and 
terrestrial export via tributaries (TE), and output (OUT) from lake in the Čertovo (CT; data from kopáček et 
al. 2018b) and Plešné (PL) catchment–lake systems in the 1998–2017 hydrological years. Grey area indicates 
the period of bark beetle outbreak in the Plešné catchment.
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The hydrolysis occurs along pH gradients between the input and output water (Table 2), 
and between the lake surface and bottom (Fig. 2C,J), resulting in a decreasing positive 
charge of hydroxyl-Al complexes and a net in-lake production of Alp (mostly colloidal 
Al(OH)3)(kopáček et al. 2008). A part of this particulate Al left the lake via outflow (41 
mmol.m–2.yr–1), the rest (62 mmol.m–2.yr–1) was deposited in the sediments (Table 4). The H+ 
production associated with the Ali hydrolysis was three times higher in Plešné than in 
Čertovo Lake (kopáček et al. 2018b), due to higher terrestrial Ali exports after the tree die-
back and higher water pH, and consequently, higher proportion of Ali transformed to Alp.

Similarly to Ali, the Fei partly hydrolyzed in the lake along pH gradients, but its effect on 
the in-lake H+ budget was negligible, due to lower concentrations. The lake was a small net 
source of FeT (Table 4), similarly to Čertovo Lake (kopáček et al. 2018b). This suggests that 
both lakes receive some unmeasured Fep source, e.g., deposition of needles from shoreline 
trees (Psenner 1984) or overland flow.

The net internal H+ neutralization was more pronounced in Plešné than Čertovo Lake 
throughout the study period, and has further accelerated since 2009 (Fig. 7) together with 
decreasing leaching of Ali (Fig. 3). The H+ concentrations in the lake have started to decrease 
since 2009 (Fig. 5H), because terrestrial exports of NO3

–, A– (DOC), and TP have remained 
high enough to neutralize H+ by NO3

– reduction and A– oxidation, while H+ production by 
Ali hydrolysis has decreased. The changes in composition of tributaries thus caused the 
rapid pH increase in Plešné Lake (while its values only slightly increased in Čertovo Lake; 
Fig. 7), and a reestablishment of the carbonate buffering system (see annual average HCO3

– 
concentrations in the lake outlet; Appendix 6).

Plešné Lake was a net sink for all nutrients (Table 4, Fig. 5). The in-lake retention of total 
N (297±142 mmol.m-2.yr-1) was caused by high NO3

– removal, while the lake was a net source 
of TON and also NH4

+(as in Čertovo Lake; kopáček et al. 2018b). The net NH4
+ production 

shows that the internal NH4
+ source can exceed its sinks in acidified lakes, which have ceased 

nitrification (rudd & al. 1988) and have significant assimilation of NO3
–. This pattern was 

for Plešné Lake discussed in detail elsewhere (kopáček et  al . 2004, 2006).
The lake was an average sink of 4.3 and 6.2 mmol.m–2.yr–1 of TP and SRP, respectively, 

during the whole study. The percent retention of P was twice as high in Plešné as in Čertovo 
Lake (51% vs. 22%) despite a ~50% shorter water residence time. The disproportion could 
be partly caused by higher abiotic PP production in Plešné Lake. Dissolved P can be con-
verted to PP by both biomass production and abiotic P immobilization by colloidal Alp in 
acidified lakes with elevated Al inputs (kopáček et al. 2000a, 2004). The Alp production was 
three times higher in Plešné than in Čertovo Lake.

The average Si removal of 136±85 mmol.m–2.yr–1 was probably too high to be explained 
by sedimentation of diatoms, which are absent in the plankton of Plešné Lake (Vrba et al. 
2003, nedbaloVá et al. 2006, 2016). Similarly, as in Čertovo Lake (kopáček et al. 2018b), we 
assume that some abiotic processes could contribute to the internal Si sink in Plešné Lake, 
besides the sedimentation of biogenic Si.

conclusIons

Recovery of Plešné Lake from atmospheric acidification was disrupted by bark beetle out-
break in its catchment that killed ~90% of mature Norway spruce trees during 2004–2008. 
All dead biomass was left in the catchment. NO3

– became the dominant anion, with maxi-
mum concentrations within 5–7 years after the tree dieback, and then started to decrease. 
Terrestrial exports of Ali, K

+, H+, Mg2+, and Ca2+ accompanied NO3
– leaching. Elevated loss-

es of TP, SRP, and DOC continued until the end of the study. These changes affected H+ 
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balance in both terrestrial and aquatic ecosystems.
The terrestrial H+ production was dominated by NH4

+ removal and the excess leaching of 
SO4

2– from soils (desorption and microbial oxidation of reduced S forms) during 2000–2004, 
i.e., prior to the tree dieback. Then, net terrestrial NO3

– production became the dominant H+ 
producing process for 10 following years (Fig. 3). Since 2008, the relative importance of 
A– in the terrestrial H+ production has steadily increased, and has become the dominant 
process in 2017. The future trend in terrestrial H+ production will be probably governed by 
A– leaching, NH4

+ retention, and also (despite its continuous decrease) by net SO4
2– release, 

while the importance of NO3
– will further decrease due to increasing N consumption by re-

generating forest. The elevated A– leaching will probably last until the decrease of elevated 
soil wetness back to their pre-disturbance levels (kopáček et al. 2018a) and termination of 
the enhanced production of DOC from dead biomass that can continue (albeit with decreas-
ing intensity) for up to three decades after a mortality event, as observed elsewhere (hy-
VÖnen et al. 2000, shorohoVa & kaPitsa 2016).

In the lake, microbial processes significantly decreased concentrations of NO3
–, A–, H+, 

and Ali. Their net effect was ~65% reduction of the total (terrestrial and atmospheric) H+ 
input into the lake. The in-lake acidity removal neutralized almost all H+ production in the 
catchment, and consequently, the water leaving the whole Plešné catchment–lake system had 
pH similar to that in precipitation (Fig. 7). The most important in-lake neutralizing proc-
esses were NO3

– reduction and A– oxidation, while Ali hydrolysis most importantly miti-
gated the H+ decrease associated with the former processes. Despite the decreasing NO3

– 
leaching, its input to the lake remains higher than its present in-lake biological demand. The 
present terrestrial export of NO3

– (together with TP) thus results in a still high H+ neutraliza-
tion due to NO3

– assimilation. Moreover, H+ neutralization by photochemical and microbial 
oxidation of A– remains high due to still elevated leaching of DOC (Fig. 3E). In contrast, Ali 
leaching and its in-lake hydrolysis decrease, resulting in lower H+ production. The net result 
of these processes is that lake water pH increases and the carbonate buffering system has 
established in the lake after more than a half of century (oulehle et al. 2018). These favour-
ite conditions for biological recovery of Plešné Lake from acidification will probably persist 
until the terrestrial exports of NO3

–, TP, and DOC will decrease back to their pre-distur-
bance levels.

Further research of Plešné Lake should include more detailed studies on the development 
of in-lake food web structure and sediment diagenesis. It is probable that (i) the role of sul-
phur controls on the fate of geochemical elements in the lake sediment will decrease with 
decreasing terrestrial export of SO4

2– (couture et al. 2016), and (ii) the settling particulate 
organic carbon will become more available for microbial decomposition due to decreasing 
load of Al and decreasing formation of organic-Al complexes that are substantially stabi-
lized against microbial decay (Mulder et al. 2001, scheel et al. 2007).
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Abstract 
To monitor the response of forest biodiversity to environmental changes, the BIOKLIM project collected 
data on species occurrences along transects covering the elevational gradient within the Bavarian Forest 
National Park and adjacent areas. The monitoring program was launched in 2006 and repeated in 2016 as 
a part of the Silva Gabreta Monitoring project. Here we show the potential of such regional monitoring 
programs for characterizing alpha, beta and gamma biodiversity of 15 groups of organisms along the eleva-
tional gradient in forests mainly dominated by European beech and Norway spruce. Overall, we recorded 
4,179 species of which 1,918 are common (based on Shannon diversity) and 1,222 dominant (based on 
Simpson diversity). Asymptotic extrapolation suggested that between 5,340 and 6,100 species might occur 
in the terrestrial ecosystems of the Bohemian Forest. Most groups showed significant responses in alpha 
diversity to elevation. However, the relationships varied strongly in strength and shape. Changes in species 
composition along the elevational gradient were mostly due to turnover and contributed strongly to the 
overall diversity of the study region. These first analyses show that monitoring schemes as implemented in 
the Silva Gabreta Monitoring offer the opportunity to study biodiversity along environmental gradients. In 
the long run resampling of the plots established in 2006 allows characterizing the responses of the com-
munities to changes in forest structure and/or climate.

Key words: biodiversity monitoring, ecology, protected areas, European beech, Norway spruce, Silver fir, 
Bavarian Forest National Park

IntroductIon 
Following a set-aside strategy, national parks aim at conserving ecosystems in a state as 
natural as possible and at protecting ecological processes that structure these systems (Mc-
Neely & Miller 1983). Nevertheless, national parks are not isolated and therefore biodiver-
sity of the communities occurring within the protected area will change with time, e.g. due 
to changes in the climate or disturbances (HaNNaH 2008). One important aim of national 
parks is therefore also to document such changes and to launch research to understand the 
processes that underpin fluctuations and trends of biodiversity (HeuricH et al. 2010).

Founded in the year 1970, the Bavarian Forest National Park is the oldest national park in 
Germany. After its expansion in 1997 the national park covers an area of over 24,000 hec-
tares and is part of the Bohemian Forest – the largest contiguous forest area in central Eu-
rope. After several consecutive disturbances, mostly due to wind throws and bark beetle 
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outbreaks, the administration of the national park decided to implement a benign-neglect 
strategy and not to interfere (e.g. by salvage logging) with the natural processes (Müller et 
al. 2010). Thereby, deadwood availability and structural heterogeneity increased in large 
areas of the historically managed forest within the park (leHNert et al. 2013). To monitor 
environmental changes within the park as well as the response of forest biodiversity to such 
natural disturbances, the BIOKLIM project was initiated in the year 2006 (Bässler et al. 
2009). This project collected data on relevant environmental variables, as well as data on the 
occurrence and abundance of species of plants, fungi and animals along the elevational 
gradient of the national park. These groups represent a large proportion of the diversity of 
central European forests. Such standardized surveys offer baseline data on the biodiversity 
that are necessary to assess the response of communities to changing environmental condi-
tions and processes that structure these communities. Furthermore, using a space-for-time 
approach the elevational gradient allowed first insights how the communities will change 
with global warming (Bässler et al. 2010). As the Bavarian Forest National Park represents 
only a rather small proportion of the contiguous forest covering the Bohemian Forest, the 
BIOKLIM survey is now integrated in an interregional monitoring scheme conducted by the 
Bavarian Forest and Šumava National Parks as part of the Silva Gabreta Monitoring project 
(Křenová & seifert 2015, 2018). As part of this monitoring scheme, the survey of the biodi-
versity inhabiting the forests along the elevational gradient was repeated in the year 2016 
(Bässler et al. 2015) and additionally this monitoring was expanded to streams (Bojková et 
al. 2018).

To show the potential of repeated surveys as implemented here, we present data on the 
diversity of 15 groups of organisms based on the two surveys conducted in the years 2006 
and 2016. The aim of this study is to give a general overview of the biodiversity found in the 
Bavarian Forest National Park and adjacent areas (gamma diversity) and how biodiversity in 
terms of alpha and beta diversity is structured along the elevational gradient in the terres-
trial ecosystems of the Bohemian Forest. Here, our analyses are based on a harmonized 
dataset from the two surveys in 2006 and 2016 generated with similar sampling methods 
conducted on the same study plots.

MaterIal and Methods

Sampling area
The surveys were conducted in 2006 and repeated in 2016 in the German part of the Bohe-
mian Forest covering an elevational gradient from 287 to 1420 m a.s.l. Details of these two 
surveys are described in Bässler et al. (2009, 2015). The original design of 331 study plots 
was optimized for resampling in 2016 in order to cover the structural gradient across the 
whole elevational gradient and to maximize the number of plots covered by both surveys 
(Bässler et al. 2015). The final set of plots with harmonized data of both surveys used in this 
study consisted of 133 plots ranging from plots at low elevations in the Danube valley to high 
elevation plots on the mountain ranges of the Bavarian Forest National Park (Fig 1). 

Species sampling
Species sampling of both surveys followed the same methods for each taxonomic group on 
the 133 study plots. Overall 15 groups of plants, fungi, and animals were included in this 
study (Table 1). The taxonomic rank differed considerably (Table 1). Species were sampled 
using standard methods suitable for an appropriate sampling of the respective taxon. Higher 
plants, fungi, and birds were recorded on all 133 plots. Insect samples from flight-intercep-
tion and pitfall traps of one plot were unfortunately lost in 2016. The other taxa were sam-
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pled on subsets of the study plots due to the constraints imposed by labor-intensive collection 
methods. We applied hand collections (gastropods, number of the study plots surveyed: n = 
108), field mapping (lichens, wood mosses and soil mosses, n = 109), flight-interception traps 
(beetles, true bugs, spiders and harvestmen, n = 132), pitfall traps (beetles, springtails, spi-
ders and harvestmen, n = 132), malaise traps (bees and wasps, cicadas, hoverflies and true 
bugs, n = 52), and light traps (moths, n = 33; Table 1). For details of the sampling methods 
used for different taxa, see Bässler et al. (2009, 2015). All specimens were determined to 
species by specialists for the respective taxon. For the present communication, the occur-
rence data of both surveys were aggregated in presence-absence matrices. Thus the results 
of the present analysis do not distinguish between the two sampling events.

Danube250 - 500m
500 - 700m
700 - 900m
900 - 1450m 10 0 10 20 km

Fig. 1. An overview map of the 133 sampling plots (red points) across the elevational gradient. Main sam-
pling transects are located within the Bavarian Forest National Park (green line). Additional lowland plots 
(<650 m a.s.l.) outside the NP extended the elevation gradient down to the Danube River representing the 
gradient from 287–1420 m a.s.l. Some sampling points are not visible (overlaid) due to scaling.
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Analysis
All statistical analyses were conducted in the software environment R (v. 3.4.3; r core teaM 
2017). To estimate metrics of species richness, we used the rarefaction-extrapolation frame-
work suggested by chao et al. (2014) using the aggregated matrices. We calculated Hill 
numbers for the aggregated matrices to analyze the diversity of common and dominant spe-
cies within one framework. Hill numbers represent a family of diversity indices expressed 
in effective numbers of species that differ among themselves by the exponent q (Hill 1973, 
chao et al. 2014). The value of q determines the sensitivity of the diversity measure to rare 
or common species. Here, Hill numbers with q = 0 are equivalent to the species richness of 
the assemblage which counts species without regard to their prevalence. Hill numbers of 
orders lower than 1 are sensitive to rare species, while orders higher than 1 are sensitive to 
the most common or dominant species (jost 2007). Hill numbers with q = 1 conform to the 
exponential of the frequently used Shannon index and represent the effective number of 
common species. Hill numbers with q = 2 are termed Simpson diversity and discount all but 
the most common or dominant species (HsieH et al. 2016). In order to get comparable esti-
mates based on sampling effort we rarified respectively extrapolated the diversity estimates 
for all groups to 99 sites, which leads to an extrapolation by an factor of three for the group 
sampled on the fewest number of sites (moths sampled on 33 sites; HsieH et al. 2016). Addi-
tionally, we calculated estimates of the asymptotic richness (i.e. the number of species after 
extrapolation to the point where an increase in sampling units does not further increase the 
number of species) for each group separately as an estimate of the lower bound of total spe-
cies richness, as well as the number of common and dominant species (chao, 1987). We used 

Table 1. Sampling methods for the groups sampled during the BIOKLIM project. FC – field collection, PT 
– pitfall traps, FIT – flight-interception trap, MT – malaise trap, LT – light trap. Number of species refers to 
the overall number of species found on the plots during both surveys. Number of plots refers to the number 
of plots with harmonized data for both survey years.

Group Taxon FC PT FIT MT LT Number of 
species

Number of 
plots

Plants Spermatophyta x 297 133
Soil mosses Bryophyta x 84 109
Wood mosses Bryophyta x 149 109
Lichens Fungi x 125 109
Fungi Fungi x 562 133
Snails and Slugs Gastropoda x 103 133
Birds Aves x 51 133
Bees and wasps Aculeata x 308 52
Beetles Coleoptera x x 1305 132
Cicadas Cicadoidea x 215 52
Hoverflies Syrphidae x 185 52
Moths Lepidoptera x 272 33
Spiders Arachnida x x 292 132
Springtails Collembola x 51 132
True bugs Heteroptera x x 180 52
Sum 4179
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999 replicated bootstraps to calculate confidence intervals around the species-accumulation 
curves. These methods are implemented in the iNEXT package (HsieH et al. 2016). 

In order to investigate the response of each of the 15 taxa to the elevational gradient on 
alpha diversity, we modeled the number of observed species for each site using generalized 
linear models with a Poisson error distribution with elevation above sea level as linear and 
quadratic predictor. For the analysis of beta diversity, we calculated pairwise Sørensen dis-
similarity indices across the assemblages of all 15 groups, based on species-site matrices 
with varying dimensions depending on the respective group. Beta diversity was partitioned 
into its additive components of turnover (i.e. dissimilarity due to replacement of species) and 
nestedness (i.e. dissimilarity due to species loss; Baselga 2010). Subsequently, we calcu-
lated generalized dissimilarity models (GDM) on distance matrices for both the turnover 
and nestedness component including elevation above sea level as predictor variable, while 
controlling for spatial distance by including the spatial position of the site into the model (i.e. 
GPS coordinates). GDMs allow the analysis of spatial patterns of community composition 
under consideration of non-linear relationships between dissimilarity in community compo-
sition along environmental gradients (ferrier et al. 2007). All GDMs were calculated using 
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Fig. 2. Observed as well as asymptotic estimates of the number of species of 15 important taxonomic groups. 
Calculations are based on Hill numbers of the orders 0 (i.e. species richness), 1 (i.e. Shannon diversity re-
presenting ‘common’ species), and 2 (i.e. Simpson diversity representing ‘dominant’ species). Black circles 
indicate asymptotic estimations with standard errors. Red circles indicate observed values.
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the default of three I-splines. The calculated coefficient for each of the three I-splines repre-
sents the rate of change along a third of the gradient of the environmental predictor when 
keeping all other predictors constant (i.e. high values of the first I-spline indicate a high rate 
of change along the first third of the gradient). To quantify the contribution of alpha and beta 
diversity among plots and among elevational zones to the overall gamma diversity in our 
study system, we used additive diversity partitioning as implemented in the R package ve-
gan, version 2.4-6 (oKsaNeN et al. 2018). For this analysis, we divided the elevational gradi-
ent into five equally spaced zones (1: 287–514 m a.s.l., n = 22; 2: 514–740 m, n = 33; 3: 
740–967 m, n = 32; 4: 967–1193 m, n = 37; 5: 1193–1420 m, n = 33). The levels of the sam-
pling hierarchy thus included the alpha diversity at the plot level, beta diversity among plots, 
beta diversity among elevational zones, and the overall gamma diversity.

results and dIscussIon

Based on the data from both surveys, we recorded 4,179 species of which 1,918 are common 
(Shannon diversity) and 1,222 dominant (Simpson diversity). The mean number of species 
per site and across all sampled taxa was 417±21 species (mean ± standard error). Overall, the 
sampling effort of our surveys was sufficient to cover most of the common and dominant 
species of the study system and an increase in sampling effort would only increase the 
number of rare species for some groups as indicated by the differences between estimated 
and observed number of species, for the three orders of Hill numbers (Fig. 2). For order 0, 
which includes also rare species the difference is rather large compared to the other two 
orders. Beetles and fungi account for more than a quarter of all species and contribute con-
siderably to the overall (gamma) biodiversity (Fig. 3). After asymptotic extrapolation, the 

Table 2. Results of the generalized linear models of the number of species of the 15 studied groups. Ele-
vation was included as a linear and quadratic predictor to account for nonlinear relationships. Tables show 
z-values of the predictor together with its statistical significance and the explained deviance of the model. 
Groups with significant effects of elevation on the number of species are given in bold.

Group Elevation  
(z-value)

P-value Elevation2 

(z-value)
P-value Explained 

deviance
Plants −6.55 <0.001 5.53 <0.001 0.08
Soil mosses 1.58 0.114 −1.90 0.057 0.03
Wood mosses 3.51 <0.001 −3.54 <0.001 0.04
Lichens 1.52 0.133 0.17 0.866 0.28
Fungi 3.05 <0.050 −4.62 <0.001 0.20
Birds 0.10 0.918 −0.68 0.494 0.12
Snails and Slugs −4.67 <0.001 1.96 <0.050 0.43
Bees and wasps −8.10 <0.001 3.11 <0.050 0.58
Beetles −9.65 <0.001 8.28 <0.001 0.15
Cicadas −7.77 <0.001 6.56 <0.001 0.27
Hoverflies −0.09 0.928 −0.23 0.817 0.01
Moths 2.12 <0.050 −2.61 <0.05 0.13
Spiders −6.99 <0.001 7.93 <0.001 0.29
Springtails −0.44 0.661 0.78 0.437 0.07
True bugs −5.15 <0.001 4.49 <0.001 0.21
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expected species richness ranges from 5,340 to 6,100 species for the terrestrial ecosystem of 
the national park. However, our methods were not able to generate reliable data for the spe-
cies living in the canopy (especially phytophagous insects), soil or deadwood dwelling spe-
cies. Thus, the estimate of 6,100 species is only a lower bound for the total terrestrial biodi-
versity. Furthermore, this study ignored aquatic ecosystems like rivers or bogs, which also 
host species rich communities and have been the subject of an additional survey as part of 
the Silva Gabreta Monitoring project (Křenová & seifert 2015, Bojková et al. 2015, 2018). 

Our results show that the elevational gradient forms one of the major gradients of envi-
ronmental change for biotic communities in the Bohemian Forest. Besides changes in mac-
roclimatic conditions, the elevational gradient is accompanied by several changes in forest 
types and structures. Our lower sites in the Danube valley range from riparian forests at the 
most western sites in the river delta of the Isar and the Danube River to a xerothermic forest 
at the steep southern slope of the Jochensteiner Hänge near Passau. As typical for low moun-
tain ranges in Europe, the higher sites are covered by mountain mixed forests with European 
beech (Fagus sylvatica) as the dominant species at mid elevations and Norway spruce (Picea 
abies) at high elevations (HeuricH & NeufaNger 2005, BarBati et al. 2014, HilMers et al. 
2018). Thus, it is not surprising that the observed number of species also change with eleva-
tion as found for nearly all taxa in our study. However, patterns of these changes vary strong-
ly in strength and shape ranging from more or less linear declines to more complex U- and 
hump-shaped relationships (Fig. 4, Table 2). 

In general, changes in community composition along the elevational gradient are mostly 
due to species turnover among sites. Nestedness showed no obvious pattern with elevation, 

0

1000

2000

3000

4000
Springtails

Birds
Soil mosses
Snails and Slugs

Lichens
Wood mosses
True bugs

Hoverflies

Cicadas
Spiders

Plants
Moths
Bees and wasps
Fungi

Beetles

Fig.	3. Relative proportions of the species richness of the 15 groups under study after rarefaction/interpo-
lation on three times the sampling units of the taxonomic group with the lowest number of sampling sites 
(i.e. 3×33 sites = 99 sites). Segment sizes conform to the number of species of the organism group with an 
overall estimated number of 4,135 species.
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i.e. nestedness of the communities does not increase with elevation (Fig. 5, Table 3). Thus, 
we do not observe increased rates of species loss as we would expect if environmental condi-
tions get harsher or too harsh for most species at higher elevations. The constant turnover of 
species along the elevational gradient contributes strongly to the observed gamma diversity 
of the Bohemian Forest. Additive partitioning showed that for most taxa beta diversity 
among elevational zones contributed most to the overall observed species pool, exceeding 
the contributions of local alpha diversity and beta diversity among plots within elevational 
zones (Fig. 6). 

conclusIons

The implementation of the monitoring scheme generated reliable data for all taxonomic 
groups under study. This enables upcoming studies to investigate changes in species rich-
ness and community composition, as well as changes in the elevational distribution of spe-
cies in response to a changing climate and changes in forest structure (Bodin et al. 2012). 
Here, a first study of HilMers et al. (2018) revealed differential responses of taxonomic and 
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Fig. 4. Relationships of the number of species with elevation above sea level for the 15 groups of sampled 
organisms. Each point represents the number of species observed at a study site during the two surveys. Blue 
lines are based on generalized linear models with elevation as linear and quadratic predictor. Shaded areas 
indicate 95 % confidence intervals. Dashed lines indicate no significant effect of elevation on the number 
of species.
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trophic groups to the stages of forest succession in the study region, which offers a dynamic 
baseline for assessing the effects of external drivers, such as changes in the temperature 
regime (Bodin et al. 2012, thom et al. 2017). To overcome the shortcomings of a space-for-
time approach it is necessary to resample the elevational gradient in regular intervals 
(Bässler et al. 2015). Although urgently needed, long-term regional biodiversity surveys 
along environmental gradients accompanied by a monitoring of changes in environmental 
conditions and habitat variables are still rare in ecological research (lepetz et al. 2009; but 
see greenland et al. 2003). Several studies revealed that species might respond to ongoing 
environmental change by adapting their distributions, including elevational upward shifts 
due to increasing temperatures (Bässler et al. 2013, ruMpf et al. 2018). Here, species’ re-
sponses might vary strongly in strength and even direction (lenoir et  al . 2010, Bässler et al. 
2013, alexander et al. 2017). Despite their static nature, protected areas have the potential 
to buffer negative impacts of climate change on species by improving habitat quality and 
quantity (thomas & gilliNgHaM 2015, Betts et al. 2017). Thus, for the successful implemen-
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Fig.	5. I-Splines of generalized dissimilarity models after beta diversity partitioning into its turnover and 
nestedness components. For each group two models were calculated with dissimilarities among sites par-
titioned in turnover and nestedness as response matrices and dissimilarity among sites in geographic space 
(i.e. latitude and longitude) and elevation a.s.l. as predictor matrices. Red lines indicate the rate of change 
in dissimilarity due to turnover along the elevational gradient. Blue lines indicate the rate of change in dis-
similarity due to nestedness along the elevational gradient.
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Table	3. Percent of explained deviance of the generalized dissimilarity models by dissimilarity in elevation 
a.s.l. as a predictor for community dissimilarity in terms of turnover or nestedness. 

Group Explained deviance
Turnover Nestedness

Plants 35.8 0
Soil mosses 5.5 0
Wood mosses 24.7 0.3
Lichens 12.5 0
Fungi 20.7 0
Birds 35.8 0
Snails and Slugs 21.9 4.2
Bees and wasps 1.7 5.6
Beetles 46.6 0
Cicadas 41.1 0
Hoverflies 15.1 0
Moths 25.6 0
Spiders 33.3 0
Springtails 13.6 0
True bugs 26.3 0
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Fig. 6. Results of additive partitioning with three levels of sampling hierarchy including plot-level diversity 
(i.e. α-diversity), β-diversity among plots within five equally spaced elevational zones, as well as β-diversity 
among elevational zones. The height of the stacked bar indicates the relative contribution of the respective 
level of sampling hierarchy to the overall observed diversity (i.e. gamma diversity).
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tation of conservation measures, it is crucial to understand how species will respond to 
changing environmental conditions and which species are most threatened. The BIOKLIM 
project and its continuation as part of the Silva Gabreta Monitoring will make an important 
contribution in the endeavor to understand species’ responses to global change. 
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Abstract
Biodiversity is diminishing globally at an unprecedented rate in times of intensive land use and ongo-
ing climate change. Since biodiversity is related to important ecosystem functions and services it is 
nowadays the goal by law to maintain and improve biodiversity. In this perspective, the BIOKLIM-
Project carried out two large forest structure and biodiversity surveys within the Bavarian Forest 
National Park in 2006 and 2016 to provide a broad range of data to assess the effects of a changing 
forest structure and climate on species and communities across different taxonomic groups. In this 
paper, we present the changes in forest structure between the two surveys. Results showed that study 
plots which were formerly affected from disruptive events such as storms and bark beetle infestations 
made progress in succession and thus occupy higher classes of forest succession. Furthermore, the 
results showed that disruptive events again caused disturbances, especially at the high elevations of 
the Bavarian Forest National Park. Hence, disturbances mainly affected spruce. Anyway, since the 
forest systems, with the exception of disturbances that might occur, are inert systems, the forest structure 
changed only slightly on the study plots between the two years of investigation.

Key words: Bavarian Forest National Park, Bohemian Forest, climate change, forest structure, forest suc-
cession, biodiversity

IntroductIon 
Human activity affects biodiversity in terms of habitat transformation and degradation, 
habitat fragmentation, climate change, harvesting and pollution (TiTTensor et al. 2014). 
Thus, global assessments show that the extinction risk of the species increases on average, 
while the population size decreases (Pimm et al. 2014). Over the last 20 years, remarkable 
progress has been made to understand how biodiversity loss affects the environment, the 
functioning of ecosystems and thus society (Cardinale et al. 2012). For instance, species 
extinction has serious impact on important key processes for the productivity and sustaina-
bility of the Earth’s ecosystems (isbell et al. 2011). 

Since 1970, when the Bavarian Forest National Park was founded, the vast forests along 
the park have been allowed to develop without any human interference (HeuriCH et al. 2011). 
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This ensures the expression of natural environmental forces and the undisturbed dynamics 
of the area’s natural communities. The major disturbances in mature spruce stands by bark 
beetles (mainly Ips typographus, >5000 ha; see leHnerT et al. 2013) in the 1990s could not 
be related to any species reaction due to a lack of data (but see beuderT et al. 2015). Apart 
from such structural changes due to a benign neglect strategy, the analysis of long-term 
climate data showed that the Bavarian Forest National Park experienced significant higher 
temperatures especially during the growing season (bässler et al. 2008). Both, changes in 
forest structure and climate change can have a major impact on biodiversity (Hilmers et al. 
2018, sCHall et al. 2017).

Understanding the inherent changes in species diversity as forests develop provides an 
important baseline for assessing the effects of external drivers such as climate change (THom 
et al. 2017). In the absence of such a dynamic baseline, observed changes in biodiversity that 
are simply the effect of forest dynamics could be easily misattributed to effects of climate 
change. 

Within the framework of the BIOKLIM-Project of the Bavarian Forest National Park, 
long-term experimental plots have been established for regular monitoring of the state of 
forest structure and biodiversity. The first survey of forest structure and biodiversity took 
place in 2006 (bässler et al. 2008). Repeat recordings in 2016 were carried out on the des-
ignated BIOKLIM plots (bässler et al. 2015). In the course of the repeated survey the 
changes in forest structure between the two recording years 2006 and 2016 were analyzed 
comparatively. 

During the last hundred years, spruce and fir show a general increasing level of radial 
growth which is interrupted by a growth decline mainly during the 1960s and 1970s. Due to 
the species-specific differences in growth, different growth relations occurred between 
spruce and fir in that period. In the time of high rates of sulphur dioxide emissions, spruce 
outranges fir while, particularly during the last 30 years, the growth relation inverts (uHl et 
al. 2013). Results of studies of mixed mountain forests in Europe show that the growth of 
spruce is declining in the last decades while the growth of fir is increasing. The volume in-
crement of fir even exceeded on average that of spruce in the last 20 years. Growth of beech 
has so far remained largely unaffected of climate change in mountain mixed forests (Hilm-
ers et al., unpubl. results). Based on these results, it can be expected that spruce will be 
pushed back into its realized niche (before human intervention in the National Park and 
emission load) by the re-strengthening of fir.

The aim of this study was to analyze changes in forest structure between the two surveys 
(2006 and 2016) in order to investigate whether possible changes in biodiversity can be at-
tributed to changes in forest structure or to climate change. In this contribution we summa-
rized the changes in forest structure on the BIOKLIM-Project plots between the two surveys 
in 2006 and 2016.

MaterIal and Methods

Study area
We used data from two surveys of forest structure in the Bavarian Forest National Park in 
south-eastern Germany in 2006 and 2016 (bässler et al. 2008, bässler et al. 2015). The 
study area covers ~5,000 km² and comprises a wide range of stages of forest succession that 
resulted from considerable variation in disturbance history and stand age (Fig. 1). The area 
is characterized by a homogenous geology (Bohemian Massif, granitic and gneissic bed-
rock) and predominantly acidic soils. Cultivation and management in this area became im-
portant only around 1850 and small areas of old-growth forests still exist (röder et al. 2010). 



163

The proportion of spruce at all elevations increased during the last century owing to forest 
management (röder et al. 2010). The total annual precipitation is between 900 and 1800 mm 
and increases with elevation (Fig. 2), which ranges from 300 to 1450 m a.s.l. Annual mean 
air temperature varies between 3.4°C at high elevations and 9.7°C at low elevations (Fig. 2). 
The study plots are dominated by mixed mountain forests of European beech (Fagus syl-
vatica; ~50%), Norway spruce (Picea abies (L.) Karst.; ~30%) and silver fir (Abies alba 
Mill.; ~10%), however admixed with oak (Quercus sp.; ~7%) at the lowest elevations. Above 
1200 m a.s.l., Norway spruce (~ 85 %) becomes dominant with a lower proportion of beech 
(~12 %).

Danube250 - 500m
500 - 700m
700 - 900m
900 - 1450m 10 0 10 20 km

Fig. 1. An overview map of the 133 sampling plots (red points) across the elevational gradient. Main sam-
pling transects are located within the Bavarian Forest National Park (green line). Additional lowland plots 
(<650m) outside the NP extended the elevation gradient down to the Danube River represent the gradient 
from 287–1420 m a.s.l. Some sampling points are not visible (overlayed) due to scaling.
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Data
Forest structure was characterized on two different scales (1 ha and 500 m²). On the 1-ha 
scale forest structure was characterized visually on 133 plots in the field (Fig. 1). The 133 
study plots were selected by optimizing the design from bässler et al. (2009). Optimization 
was done by categorization of all plots in respect to their available taxonomical information.
Out of the most informative sampling plots we selected those best covering the structural 
gradient (canopy cover) across the elevation gradient (for final selection, see Fig. 1). For 
representation of the elevation gradient, we created a set of 100 plots out of the original 331 
plots, including 62 highly informative plots and all 38 lowland plots (<650m). As special 
additions, we added the 33 old-growth forest and meadow plots due to their great importance 
for the area.

Canopy cover of the upper- (>2/3 of dominant height), middle- (1/3–2/3 of dominant 
height) and under layer (<10m) was determined by the sample area shaded by horizontal 
projection of tree layer separated for the occurring tree species (leaves, branches, trunks) in 
percent. Gaps were measured by the sample area covered by horizontal projection in percent. 
Height of the under layer was addressed visually in meter. Furthermore, we visually de-
scribed the immediate surroundings around the plot center. It was addressed whether the 
center of the plot is in a gap, at the edge of a gap or in a closed forest. Standing and downed 
woody debris were recorded in the field on a 1000 m² circular plot (see bässler et al. (2008) 
for a detailed description).

Forest structure recordings in the BIOKLIM project were extended by more detailed re-
cordings when they were taken in 2016. During the last recording, every tree >7cm DBH was 
recorded in the field on plots with a circular area of 500 m². Since this detailed information 
are not available for the 2006 survey, required data were obtained from airborne light detec-
tion and ranging (LiDAR). Full-waveform LiDAR data were collected across our plots using 
a Riegl LMS-Q560 under leaf-on conditions (nominal sensor altitude: 400 m, average point 
density: 25 points m−2) in the year 2006. Single trees in an area of 500 m² around the center 
of each plot were detected using 3D segmentation (yao et al. 2012). On both surveys (2006 
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Fig. 2. Climate of the study region based on interpolated data from 1980 to 2006. A – mean annual tem-
perature (°C) in relation to elevation (m a.s.l.) of all 133 study plots; the blue regression line is based on 
a linear model; the grey area depicts the 95% confidence interval (R² = 0.89, p <0.001). B – mean annual 
precipitation (mm) in relation to elevation (m a.s.l.) of all 133 study plots; the blue regression line is based 
on a linear model, with the grey area depicting the 95% confidence interval (R² = 0.89, p <0.001).
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and 2016) the vegetation in the herbaceous layer (up to 1 m height), shrub layer (up to 5 m 
height), tree layer 1 (>5 to 15 m height) and tree layer 2 (>15 m) were estimated on 200 m² 
circular plots in the field. As there is a lack of LiDAR data for the plots outside the Bavarian 
Forest National Park these analyses contain only 99 plots within the National Park which 
both surveys have in common. Standing and downed woody debris were again recorded in 
the field on a 1000 m² circular plot.

Stages of forest succession 
In our study, the 99 plots which both surveys have in common were classified to succes-
sional stages by combining the decision trees of Zenner et al. (2016) and Tabaku (2000). The 
decision trees incorporate information on canopy projection area, maximum diameter at 
breast height (DBH), proportion of dead wood, normalized quartile of the DBH, and the 
cover and height of the regeneration layer. The combination of these two protocols was nec-
essary as Zenner et al. (2016) only considered trees with DBH >7 cm, and Tabaku (2000) 
explicitly also included regeneration and establishment stages. The combined decision tree 
was used to identify nine successional stages on 99 plots in the Bavarian Forest National 
Park, i.e., gap, regeneration, establishment, early-optimum, mid-optimum, late-optimum, 
planter (mixture of trees of different ages, sizes and heights), terminal and decay stages.

results and dIscussIon

The results show that the canopy cover of the upper layer has increased at medium eleva-
tions, compared to the first survey in 2006 (Fig. 3B) and there are less percentages of gaps 
on the study plots (Fig. 3F). During the last 10 years, the plots which had been exposed due 
to storms and bark beetle infestations in the first survey have grown over again. At higher 
elevations, the canopy cover of the upper layer decreased due to renewed disturbances by 
storms and bark beetle infestations, especially in the Northern part of the Bavarian Forest 
National Park (Fig. 3B). At the same time, the volume of deadwood at higher elevations (Fig. 
3A) and the percentages of gaps (Fig. 3F) have increased. The middle and under layer re-
mained unchanged (Fig. 3C-E). The evaluations of the position of the plot center within the 
1 ha plot and the percentage of gaps on the plots also reflected the renewed disturbances of 
storms and bark beetles in the Bavarian Forest National Park. Above all, a change in the 
position of the plot center within the 1 ha plot in the direction of the open area could be ob-
served. In particular, the plots which had been already disturbed at the first survey in 2006 
(at the edge of the gap) were again affected by disturbances.  The gaps have widened to such 
an extent that the centers of the plots were on the open area at the last survey in 2016 (Fig. 
3G).

Considering tree species-specific changes in the canopy covers, revealed that the above-
mentioned disturbances in the higher elevations affected spruce particularly (Fig. 4). Com-
pared to the first survey, some areas were affected by disturbances and the spruce was re-
moved completely on some plots. Looking at the middle layer, it is striking that beech is the 
dominant tree species there. In the under layer, there is a balanced ratio between beech and 
spruce, except for the high elevations. There are only few study plots with beech at eleva-
tions above 1200 m a.s.l. However, it should be emphasized that despite the disturbances in 
the upper layers, a new generation of spruce trees is already present on some plots (Fig. 4F). 
Due to the benign neglect strategy of the Bavarian Forest National Park coarse woody debris 
will remain in the forest. Given the importance of deadwood for forest regeneration and re-
covery from disturbance, this will favor the future natural regeneration in the disturbed 
stands especially spruce regeneration (svoboda et al. 2010). 



166

The situation of fir along the elevational gradient remains largely unchanged. Although 
the biological possibility exists to colonize higher elevations, no changes are visible after 10 
years. This is consistent with the findings of máliŠ et al. (2016). In their study about tree 
range shifts in the Western Carpathians they also did not find any elevation shifts for fir and 
beech in the last decades. Other authors, e.g. Janík et al. (2014), have also shown that fir has 
a disadvantage in rejuvenation compared to beech. This is primarily due to the increased 
shade tolerance of beech in advanced regeneration.

If forest structure parameters are combined into forest successional stages, the results are 
similar to those already described (Fig. 5). It becomes clear that many of the formerly dis-
turbed plots from 2006 have made progress in succession and occupy higher stages of suc-
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Fig. 3. Comparative representation of forest structure parameters of the BIOKLIM-Project surveys from 
2006 (red) and 2016 (blue). Data are based on 133 plots which both surveys have in common: A – volume 
of dead-wood on the study plots; B – canopy cover of the upper layer in percent; C – canopy cover of the 
middle layer in percent; D – canopy cover of the under layer in percent; E – height of the under layer; F 
– the percentage of gaps on the study plots; G – position of the plot center within the 1 ha rectangle around 
the plot. Lines were generated by fitting a loess curve.
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cession. In comparison between the two recording years there are 7% less study plots situ-
ated in the gap stage and 13% more study plots situated in the regeneration or establishment 
stage (Fig. 5).

The recurring disturbances at higher elevations mainly affect the optimal and terminal 
stages. There are fewer plots in the optimal and terminal stages (−17%) and more plots in the 
decay stage (+11%). On the one hand, plots have changed from the terminal stage to the 
decay stage, but some plots have also changed from the optimum stages to the decay stage 
(Fig. 5). These are primarily the plots at high elevations of the northern part of the Bavarian 
Forest National Park, which have been affected by disturbances. This makes it clear that 
forest succession does not always strictly follow the sequence shown, but can change into the 
gap, regeneration or decay stage at any time due to disturbances (Fig. 5). 

Since forest systems, with the exception of disturbances that might occur, are inert sys-
tems, the forest structure in relation to the values described above changed only slightly on 
the study plots between the two years of investigation (2006 and 2016).
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Fig. 5. Comparison of the percentages of plots in every forest successional stage in our study between the 
two surveys in 2006 (red) and 2016 (blue) and their transition between the two surveys. The successional 
stages considered here follow Tabaku (2000) and Zenner et al. (2016). Data are based on 99 plots in the 
Bavarian Forest National Park. Stages of forest succession: G – gap; R – regeneration; E – establishment; 
EO – early optimum; MO – mid optimum; LO – late optimum; P – plenter; T – terminal; D – decay. Note 
that it was not possible to determine forest successional stages for the plots outside the national park in the 
year 2006 due to missing LiDAR data.
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conclusIon

Forest systems, with the exception of occurring disturbances, are inert systems. Therefore, 
no major changes in the described variables were expected during the first BIOKLIM-Project 
repeat recording, since no major disturbances occurred either. However, at mid elevations, 
we found a recovery from disturbances and at higher elevations we found renewed minor 
disturbances due to bark beetle infestation. Especially spruce is affected by these new dis-
turbances. Anyway, we found that plots formally disturbed in the 2006 survey have made 
progress and occupy higher stages of forest succession nowadays. As conclusions about the 
response of multiple taxa to climate change can only be drawn with the information about 
changes in forest structure (sCHall et al. 2017, Hilmers et al. 2018) it is crucial to continue 
the monitoring of forest structure in future BIOKLIM surveys. Information on changes in 
forest structure provides the basis for characterizing responses of biodiversity caused by 
climate change. In the absence of such a dynamic baseline, observed changes in biodiversity 
that are simply the effect of forest dynamics could be easily misattributed to effects of cli-
mate change. LiDAR provides an excellent tool to describe changes in forest structure to a 
sufficient scale for forest structure and biodiversity analyses in the future. In addition, a 
merger with data of long term experimental plots following the same approach in the Šumava 
National Park is in preparation and allows us to expand our analyses on the influence of 
climate change and forest structure on biodiversity.
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Abstract
Ongoing monitoring of streams in the Bavarian Forest National Park (BFNP) is focused on the effects of 
climate changes and natural disturbances on the community composition and diversity of benthic macroin-
vertebrates in the Bohemian Forest. This study provides the data on macroinvertebrate assemblages of ten 
streams draining the area of the BFNP (BF streams), which are included in the monitoring survey, and 48 
sites distributed evenly in the Große Ohe stream network (GO catchment). The GO catchment serves as a 
model stream network to study environmental and spatial structuring of macroinvertebrate assemblages on 
the local scale. We aim to evaluate species richness, abundance and species composition of macroinverte-
brates along the main environmental gradients and to consider the possible impact of acidification. Species 
recorded at all studied sites are compared with available literature data from the BFNP. Altogether 40,682 
individuals of 184 species were recorded in our study, 130 and 168 species in the BF streams and GO catch-
ment, respectively. Macroinvertebrate assemblages of the BF streams are significantly influenced by sub-
strate roughness and water quality. Within the GO catchment, stream size and acidity are the main eco-
logical gradients forming the assemblages, with a significant influence of local habitat properties (such as 
amount of coarse particulate organic matter (CPOM), concentration of ionic aluminium (Ali), depth of 
water, and water chemistry). Species richness of macroinvertebrates is positively related to stream size and 
negatively to CPOM, whereas their abundance is significantly affected by acidity and Ali, being strongly 
limited in Ali>53 µg.l−1. More species of Ephemeroptera, Coleoptera and Diptera, including several acid 
sensitive species, were found in the GO catchment in comparison with earlier data from the period of strong 
acidification, which indicates ongoing recovery of streams from acidification. Streams are recently inhab-
ited by numerous moderately acid sensitive species, which is mirrored by their favourable acid status (pre-
vailing acid class 2, predominantly neutral to episodically weakly acidic conditions) assessed based on 
scoring of acid sensitive species. Acid status based on the overall composition of assemblages shows pre-
vailing acid class 3 (periodically critically acidic conditions) with considerable number of streams of acid 
classes 4 and 5 indicating strong acid stress. Overall, acid status of streams is not aligned with the altitude, 
stream size or any habitat property within the model GO catchment suggesting that the stream network is 
a mosaic of various local conditions determining water chemistry. Thus, macroinvertebrates can find suit-
able conditions or refugia in some parts of the catchment.

Key words: biodiversity, macroinvertebrates, acidification, acid status assessment, Bohemian Forest, Große 
Ohe 
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IntroductIon

Springs and streams of the Bavarian Forest National Park (BFNP, German part of the 
Bohemian Forest) have kept the natural character despite historical local modifications of 
channels to facilitate timber transportation. Dense stream network is dominated by cold 
headwater (crenal and epirhitral) streams with relatively heterogeneous catchments, thus 
offering diverse environment for aquatic biota. In-stream environment is significantly influ-
enced by dead wood in different stadium of decomposition. Dead wood of different size, 
from branches to large logs forming large cascades and pools or, in extreme cases, com-
pletely covering stream channels, is abundant particularly in streams flowing in unmanaged 
forests. Characteristic phenomenon is the interference of the effects of anthropogenic atmos-
pheric acidification and natural disturbances on the stream water chemistry. Strong atmos-
pheric acidification of headwater streams occurred from the 1960s to 1980s, peaked in the 
mid-1980s, and was followed by gradual recovery since the 1990s (Alewell et  al . 2001, 
SchAumburg et  al . 2010, beudert & gietl 2015) caused by significant reduction in sulphur 
dioxide, nitrogen oxides and ammonia emissions in central Europe (Kopáček et  al . 2002, 
Kopáček & VeSelý 2005). Concurrently, rapid dieback of large forest area due to wind storms 
and/or bark beetle outbreaks peaking in 1997 caused changes in the chemistry of all water 
fluxes, mainly leaching of nitrate, dissolved organic carbon (DOC) and aluminium to streams 
draining affected areas and also to lakes (VrbA et  al . 2014, beudert et  al . 2015, beudert & 
gietl 2015, Kopáček et  al . 2017). Consequent water quality deterioration in streams and in-
crease of episodic acid runoff temporarily slowed down the recovery of streams from acidi-
fication (SchAumburg et  al . 2010, hoffmAnn et  al . 2011). Nevertheless, mechanism of epi-
sodic acidification of stream water has changed, as it is no longer driven by sulphate, but by 
DOC, which has to be considered as a natural process (beudert & gietl 2015).

Regular monitoring activities in the BFNP encompass the long-term acidification moni-
toring and hydrological monitoring of the model catchment with near-natural forest without 
management intervention. The hydrological monitoring commencing in 1977 has been fo-
cused on the water cycle in the Große Ohe catchment and runoff changes caused by the 
transition from commercial to near-natural forest in this catchment (beudert & gietl 2015). 
The long-term acidification monitoring commenced in 1986 and has been focused on the 
assessment of recovery from acidification based on water chemistry, macroinvertebrates and 
diatoms in Seebach, Hinterer Schachtenbach, Vorderer Schachtenbach, Große Ohe, and 
Rachelsee (lfw 1999, Kif inger et  al . 2004, SchAumburg et  al . 2008, 2010, hoffmAnn et  
al. 2011, Scheel et  al . 2014, lfu 2015). These sites are a part of the network of the ICP 
Waters, the International Cooperative Programme for assessment and monitoring of the ef-
fects of air pollution on rivers and lakes (SKjelKVåle & de wit 2011). In 2016, a systematic 
monitoring aiming to evaluate the effects of natural disturbances and climate changes on bio-
diversity of streams (focusing mainly on macroinvertebrates) started at seven streams dis-
tributed throughout the BFNP (Große Deffernik, Kolbersbach, Kleiner Regen, Große Ohe, 
Kleine Ohe, Sagwasser, and Reschbach). The conceptual framework of the monitoring is 
analogous to the terrestrial biodiversity survey BIOKLIM (for more details see bäSSler et 
al. 2015). Sampling sites are distributed in seven streams following the altitudinal gradient 
every 100 altitudinal meters from 600 to 1100 m a.s.l. This monitoring is designed as a long-
term study with proposed regular repetition of sampling in the future.

Information on stream macroinvertebrates are, however, incomplete, and generally miss-
ing from the pre-acidification period (but see thiem 1906). Several studies are published in 
grey literature and, thus, inaccessible for a wider scientific audience (e.g. eiSenreich 1974, 
Kuhn 1984, Schöll 1987). Some individual records of species are available in faunistic stud-
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ies (e.g. hebAuer 1975, 1980, Seitz 1988, 1992, weinzierl 1999, Soldán et  al . 2012). Prob-
ably the first complex faunistic study of stream biodiversity by Schöll (1987, 1989) was fo-
cused on the southern (old) part of the current BFNP where catchments of Flanitz, 
Schwarzach, Große Ohe, Kleine Ohe, and Sagwasser were investigated. Based on the field 
study conducted in 1984 and 1985, Schöll (1989) reported 182 species (or higher taxa) and 
pointed out the role of pH in the distribution of species calling for immediate reduction of 
emissions of acidifying compounds. Another complex faunistic study on four aquatic insect 
orders (Ephemeroptera, Plecoptera, Coleoptera, and Trichoptera) covered entire Niederbay-
ern and reported 289 species for the Bavarian Forest (Schulte & weinzierl 1990). The st udy 
area, however, included the whole Bavarian Forest, thus, also species found at lower altitudes 
out of the BFNP were included. The same is true for PitSch (1994) who studied four aquatic 
invertebrate groups (Trichoptera, Odonata, Amphipoda, Isopoda) reporting 121 species in 
the Bavarian Forest, and provided the distribution of individual species in the longitudinal 
profile of six studied stream systems. Data gathered during the long-term acidification mon-
itoring of streams are unpublished, partially available in the project reports (e.g. Kif inger et  
al. 2004, SchAumburg et  al . 2010). They document gradual increase of species richness in 
recovering streams which was slowed down or interrupted by increased effects of episodic 
acid runoffs after the forest dieback (SchAumburg et  al . 2010, hoffmAnn et  al . 2011).

In this study, we provide new data on macroinvertebrates inhabiting streams in the BFNP 
based on the two separate surveys conducted in 2015. Both surveys are the part of the broad-
er transboundary study focusing on the stream biodiversity in the Bohemian Forest. The first 
survey explores patterns in diversity and assemblage structuring of macroinvertebrates in 
two neighbouring montane catchments in the non-interventional part of the Bohemian Forest 
(Šumava in Czech), upper Große Ohe catchment in the BFNP and upper Vydra catchment in 
the Šumava National Park. The second survey, already mentioned above, investigates stream 
biota and environmental conditions along the gradient of altitude in order to evaluate the 
effects of natural disturbances and climate changes on biodiversity of streams in the BFNP. 
Both surveys have started recently and full data are not available yet. This study presents the 
preliminary results with a special focus on insufficiently known macroinvertebrate diversity 
of the Bavarian Forest streams. The main aims of the study are to describe species richness 
and composition of macroinvertebrate assemblages inhabiting main streams draining the 
BFNP and the model Große Ohe catchment, which tohether cover all stream types in the 
studied area. We aim to explore main gradients in species data and factors governing species 
richness, abundance and composition of macroinvertebrate assemblages. We consider the 
possible effect of acidification on macroinvertebrates. Last but not least, we aim to provide 
a species list of the macroinvertebrates found at the studied sites and compare them with 
available literature data. 

MaterIal and Methods

Study sites and data
Two sets of species and environmental data were evaluated. The first one included species 
data from 48 sites distributed in the upper Große Ohe catchment (Fig. 1), which were sup-
plemented by detailed environmental data. The second dataset included species data from 
10 main rivers draining the area of the BFNP (Fig. 2).
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Fig. 1. Map of the GO catchment with the investigated sites (numbers of sites are available in Table 1). Size 
of symbols indicates discharge of streams.
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Große Ohe catchment (GO catchment)
The upper Große Ohe catchment, hereinafter referred as GO, is 19.1 km² large, with the al-
titudinal gradient from 760 to 1300 m a.s.l. The catchment is 98% forested, with Norway 
spruce (Picea abies (L.)) and European beech (Fagus sylvatica L.) being the dominant spe-
cies (beudert & gietl 2015). Since 1992, bark beetle (Ips typographus L.) damaged spruce 
forests on 58% of the catchment area and converted them into varying succession stages 
with rapidly growing young spruce (beudert et  al . 2015). Fortyeight sites (Fig. 1, Table 1) 
were selected based on four rules: sites to be distributed as much evenly as possible; the 
proportion of Strahler’s stream orders to reflect their real proportion within the catchment; 
sites not to be too far from roads or footpath to avoid disturbing protected landscape; and 
finally, the number of sites not to exceed 50. The same approach was applied in the upper 
Vydra catchment in the Šumava National Park where 43 sites were selected. In contrast to 
the Große Ohe, the network of Vydra is less dense and streams are rather low-sloping, flow-

Fig. 2. Map of the BF streams investigated, with seven altitudinal transects and sites studied within them in 
the monitoring of stream biodiversity. Legend of symbols: blue cross – sites on the BF streams studied in 
this study (with the name of the sites, see Table 1), red circles – sites on altitudinal transects, green square 
– sites with additional sampling of insects by Malaise traps.
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ing on a montane plain covered by spruce forests in different succession stages and large 
area of raised bogs with dense growth of Pinus × pseudopumilio (Willk.) Beck.  

Main streams draining the Bavarian Forest NP (BF streams)
Stream network in the BFNP is dominated by rapid headwater streams with coarse to very 
coarse bed substratum, flowing on heterogeneous and steep terrain. The largest streams 
draining the area are only between four- and six-meter wide. Ten streams along the NW to 
SE border of the BFNP were investigated (Fig. 2, Table 1) in order to bring the data on mac-
roinvertebrate variability to help to establish the design of the systematic monitoring of 

Fig. 3. Photos of different stream habitats investigated. A – 33_brook with impoundment 2, B – 11_Ra-
chelschachtenbach 1, C – 3_Tiefe Seige 1, D – 42_Seebach 5, E – 55_Große Ohe 3, F – 52_Reschbach (see 
Table 1 for more information on these sites).
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streams along the altitudinal gradient. Altitude and type of streams were similar, i.e. epi- to 
metarhitral streams (average stream width 6 m) with coarse, stones and boulders dominat-
ing, bed substrate and altitude about 785 m a.s.l. (Fig. 3, Table 2). Some of the streams were 
rich on aquatic mosses. Water had near neutral pH; current velocity was relatively high (av-
erage velocity 0.67 m.s−1), with turbulent flow in all streams. 

Literature data
Comparison of our data collected in 2015 with studies covering the entire Bavarian Forest 
(PitSch 1994) and Niederbayern (Schulte & weinzierl 1990) is complicated as the studies 
include only the total list of species for the entire area of the Bavarian Forest, i.e. including 
low altitude streams outside the National Park and in the Danube valley. Therefore, only 
species recorded by our study and both above-mentioned faunistic studies were included in 
Table 3. Direct comparison is possible only with Schöll (1987) and Kif inger et  al . (2004) 
that studied the GO catchment (Tables 3, 4). Schöll (1987) studied macroinvertebrates at 14 
streams in the GO catchment (included also in our study) in 1984–1985, i.e. in the period of 
strong acidification. Kif inger et  al . (2004) included data from acidification monitoring of 
four streams in the Große Ohe catchment (Seebach, Vorderer Schachtenbach, Hinterer 
Schachtenbach, Große Ohe) in 2001–2002, i.e. period after the forest dieback. Both studies 
concerned with all macroinvertebrates except for Chironomidae, which were not determined. 
Later reports of the acidification monitoring (SchAumburg et  al . 2010, hoffmAnn et  al . 
2011, lfu 2015) did not include the list of recorded species and data on macroinvertebrates 
were presented only as acid classes for individual rivers or periods based on species data. 

Sampling methods and processing of samples
One-shot sampling of macroinvertebrates was conducted in May 2015 at all investigated 
sites. Sampling was based on a standard multi-habitat scheme designed for sampling major 
in-stream habitats proportionally according to their share within the sampling section 
(AQEM conSortium 2002). Each sample consisted of 20 plots 0.25×0.25 m (1.25 m2) taken 
from all habitat types with a share of at least 5% coverage at the sampling site. Samples were 
taken by a standard hydrobiological hand net with 0.5 mm mesh size. Sampling protocol was 
based on standard AQEM protocol. The cover of different particle sizes on the stream bed 
was visually estimated and substrate roughness was described by phi (gordon et al. 1992). 
Slope was measured using optical level (South NL20) and water velocity was measured by 
Flo-Mate device (Model 2000; Marsch-McBirney, Frederick, MD, USA). Discharge was 
calculated from water velocity and depth measured in a cross transect at each site. Samples 
of macroinvertebrates were fixed with formaldehyde and hand-sorted under the dissecting 
microscope in the laboratory. Sorted individuals were identified by specialists to as low de-
termination level as possible. Two thirds of the taxa in the final datasets are species (121 
species) and the remaining taxa are on higher levels, including 27 groups of species, 33 
genera and 3 subfamilies or families. As the majority of taxa was identified to the species 
level, we use the term “species” for all the taxa throughout the text. Identified individuals 
were preserved in 70% ethanol or mounted dry and deposited at the Department of Botany 
and Zoology, Masaryk University in Brno. Only oligochaetes, which were not abundant, 
were not determined and are not included in the dataset. Semiquantitative sampling was 
supplemented by collecting of Plecoptera and Trichoptera adults by sweeping of riparian 
vegetation.

Samples of water for hydrochemical analyses were taken along with the sampling of mac-
roinvertebrates in the Große Ohe catchment (and also in the Vydra catchment), not in the BF 
streams. Only one-shot sampling of water completed within ten days after the snowmelt-
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water outflow is available due to restricted entrance to the area, which is situated in the core 
zone of both national parks. The area, with abundant fallen trees, windthrows and dead 
wood, is not safely accessible before the snowmelt in spring and the entrance is strictly re-
stricted due to nesting of capercaillie (Tetrao urogallus) until the end of July. Shortly after 
the sampling, water samples were filtered through 0.4-µm pore size glass-fibre filters (MN-
GF5) for the analyses of dissolved compounds. Dissolved organic carbon (DOC) was ana-

Table 2. Environmental characteristics of the 48 sites in the Große Ohe catchment and 10 main rivers dra-
ining the Bohemian Forest NP.

Variables
GO catchment BF	streams

mean min. max. mean min. max.

Altitude (m a.s.l.) 876 760 1095 785 678 877

Discharge (m3.s–1) 0.05077 0.00004 0.43153 0.31655 0.03806 0.70597

Average width (m) 1.7 0.3 6.0 5.8 2.5 10.0

Slope (%) 8.8 0.4 25.6 2.8 0.8 5.2

Max. velocity (m3.s–1) 0.74 0.20 1.53 1.26 0.78 1.67

Average velocity (m3.s–1) 0.35 0.02 0.85 0.67 0.31 0.95

Max. depth (m) 0.45 0.08 1.50 0.68 0.25 1.50

Average depth (m) 0.18 0.03 0.50 0.30 0.15 0.4

Pools (%) 32 0 90 15 5 60

pH  5.6 4.5 6.4 6.4 5.7 7.1

Conductivity (µS.cm–1) 18 12 36 24 17 35

ANC (µmol.l–1) 31 −21 206 – – –

Ali (µg/l–1) 40 0 201 – – –

DOC (mg.l–1) 7.9 0.5 34.2 – – –

TN (mg.l–1) 0.5 0.2 1.1 – – –

TP (µg/l–1) 5.9 0.8 19.1 – – –

Cl- (mg.l–1) 0.4 0.2 2.4 – – –

SO4
2- (mg.l–1) 2.1 0.4 4.8 – – –

Na+ (mg.l–1) 1.0 0.4 2.1 – – –

K+ (mg.l–1) 0.3 0.1 0.7 – – –

Ca2+ (mg.l–1) 1.1 0.4 2.9 – – –

Mg2+ (mg.l–1) 0.4 0.2 0.8 – – –

O2 (mg.l–1) 10.6 9.5 11.5 8.3 7 11

Oxygen saturation (%) 101 86 106 104 103 106

Temperature (°C) 8.5 6.0 12.0 11.2 10.4 11.4

phi −6.8 −2.5 −9.5 −8.3 −4.7 −9.3

Macrophytes (%) 6 0 30 9 5 20

Dead wood (%) 8 5 30 0 0 0

CPOM (%) 14 5 40 6 5 10

FPOM (%) 8 5 20 10 10 10
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lysed in the filtrate with a LiquiTOC analyser (Foss/Heraeus). Dissolved phosphate (Pd) was 
determined by the molybdate method after perchloric acid digestion and acid neutralising 
capacity (ANC) by Gran titration. Fractionation of Al was analysed in filtered samples. 
Ionic Al (Ali) was obtained as the difference between dissolved and organically-bound Al. 
Concentrations of major ions were analysed by ion chromatography. All concentrations used 
in this study were above the detection limits and accuracy of the analyses was checked using 
ion balance control including ionic Al forms and organic acid anions for each sample accord-
ing to Kopáček et  al . (2000). More details on the analytical methods, their accuracy, and 
precision are given in Kopáček et  al . (2004).

Data evaluation
Differences in the species richness and abundance at sites of GO catchment and BF streams 
were tested by non-parametric Mann-Whitney U test. Rarefaction curves were performed to 
evaluate the possible impact of different number of individuals on species richness in the 
datasets. For each sampling site, acid class scored by species was calculated. Species with 
unknown affiliation to acid classes based on brAuKmAnn & biSS (2004) were excluded from 
the analysis. Two approaches of acid class assessment were used: (i) Based on maximum 
sensitivity of bioindicators – species are cumulatively added from acid sensitive to acid very 
resistant till the threshold is reached. Calculation is based on abundance classes of species 
(according to Alf et al. 1992), when threshold is 4, or based on dominance of species, when 
threshold is 10% (brAuKmAnn 2001, brAuKmAnn & biSS 2004). (ii) Based on the composi-
tion of all classified species when the acid class expresses mean value of acid classes scored 
by all species included in the analysis. The value is weighted average of acid class based on 
species abundances.

Multidimensional statistic methods were used to describe the variability in species data 
from the GO catchment and BF streams. Non-Metric Multidimensional Scaling (NMDS) 
was used to project sites in 2-dimensional ordination space. NMDS was calculated on Bray-
Curtis dissimilarity matrix obtained from ln(x+1) transformed species data. We applied 
NMDS via a wrapper function metaMDS of the vegan package (oKSAnen et  al . 2017), which 
performs several random starts and rotates the final projection so that the variance is maxi-
mized on the first dimension. Once the NMDS ordination was finalized, we searched for 
environmental variables that would enable the interpretation of general gradients repre-
sented by NMDS dimensions using visualisation techniques and by fitting smooth surfaces 
onto the ordination via Generalized Additive Models (GAM). We also searched for species 
that best followed these gradients with the same methods, but with expected Poisson distrib-
uted errors. Environmental variables for constrained ordinations were selected based on 
Spearman correlations. Variables with R>0.65 were excluded from the analyses. Forward 
selection was performed to select variables explaining the highest percent of variability for 
db-RDA (via ordiR2step function of the vegan package, oKSAnen et al. 2017).  

All statistical analyses were carried out in R (r core teAm 2017) using the following 
packages: “vegan” (oKSAnen et al. 2017), “ggplot2” (wicKhAm 2009), “Hmisc” (hArrell 
2017), “RColorBrewer” (neuwirth 2014) and “goeveg” (gorAl & Schellenberg 2017). 

results

GO	catchment	and	BF	streams:	species	richness	and	abundance
In total, 40,682 individuals and 184 species were recorded in the BF streams and GO catch-
ment (Table 3, 5); 114 species were common, 16 and 54 species were found only in the BF 
streams and GO catchment, respectively. Eight endangered (2 – stark gefährdet) or vulner-
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able (3 – gefährdet) species based on the Bavarian/German Red list (binot et al. 1998, 
AnonymuS 2005) were found: Ameletus inopinatus (3/2), Rhithrogena hercynia (–/2), Perla 
marginata (3/3), and Leuctra alpina (3/3), Brachycentrus montanus (3/–), Hydropsyche silf-
venii (3/2), Drusus chrysotus (3/3), and Chaetopteryx major (3/3). The total number of spe-
cies was higher in the GO catchment (168 species) than in the BF streams (130 species). 
However, higher species richness per site (i.e. alpha diversity) was found in the BF streams 
(Mann-Whitney U test, p<0.001, Fig. 4) which indicates higher habitat heterogeneity there. 
The total abundance per a site was also higher in the BF streams (Mann-Whitney U test, p 
= 0.006, Fig. 4). Higher number of species found in the GO catchment was influenced more 
by higher beta diversity within the catchment than higher number of individuals found, as 
the rarefaction curves reach their asymptotes (Fig. 5). The most species-rich groups were 
Chironomidae and Trichoptera (Table 5). Less species of Chironomidae, Coleoptera, and 
Plecoptera were found in the BF streams than in the GO catchment. 

Abundance of macroinvertebrates in the GO catchment was significantly correlated with 
three mutually related variables, positively with pH and ANC, and negatively with Ali con-
centration (Table 6). Abundance increased with increasing pH being variable above 5.5 at 
sites with different ANC, while it was variable in Ali from 0 to 53 µg.l−1 and steeply de-
creased in its higher concentrations (Fig. 6). Species richness was, however, not correlated 
with acidity and was slightly positively related to discharge and negatively to coarse particu-
late organic matter (CPOM) in the substrate (Table 6). Relations of species richness and 
abundance were not evaluated in the BF streams because of low number of sites. 

Composition of macroinvertebrate assemblages and its relation to environmental 
variables
GO catchment
Stream network of the GO catchment included relatively wide range of stream sizes, from 
small streamlets 0.3 m wide with discharge 4.10−5 m3.s−1 to a 6-m-wide stream with dis-

Fig. 4. Comparison of species richness and abundance between the GO catchment and BF streams.
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charge 0.4 m3.s−1 (Fig. 3, Table 2). The sites covered wide altitudinal gradient, from 760 to 
1095 m a.s.l., and various slope of terrain (0.4–25.6%). Water chemistry in the GO catch-
ment was influenced by acidification and changes caused by the forest dieback and following 
development of forest within the area. The variability in ANC (range: −21 to 206 µmol.l–1) 
was partly associated with altitude (Spearman correlation R = −0.53) and slightly also with 
the concentration of ionic Ali (0–201 µg.l−1, R = 0.37). The sites were relatively variable in 
the concentration of total phosphorus (TP, 0.8–19.1 µg.l−1) and, particularly, DOC (0.5–34.2 
mg.l−1), both were negatively correlated with altitude (−0.69 in TP and −0.57 in DOC).

Main gradients in species data were associated with stream size (average stream width, 
depth, and flow velocity) and acidic conditions (ANC, pH, and Ali) linked with altitude (Fig. 
7). Water conductivity and substrate (phi and CPOM) were partly independent on them as 

Fig. 5. Species richness of the GO catchment and BF streams modelled by rarefaction curves. The transpa-
rent area around a curve represents 95% confidence interval.

Fig. 6. Relation of species abundance, and pH and Ali at the GO catchment. Different size of circles shows 
ANC. 
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they can differ in streams of similar size and acid conditions (Fig. 7). Conductivity repre-
sented mainly the concentrations of cations (Ca, Na, K, and less Mg), Cl, and TP, because it 
was strongly (R>0.60) correlated with them. Average velocity (significantly correlated 
(R>0.65) with stream width and discharge), pH (correlated with ANC, R = 0.87), and slope 
(correlated with altitude, R = 0.81) explained 25.2% of variability in species data (Table 7). 

Fig. 7. The NMDS ordination diagrams showing variables significantly fitted into the ordination of samples 
of the GO catchment. The size and colour of the symbols are proportional to the measured values of the 
variables, while the contour lines indicate their fit into the ordination. Phi value decreases with increasing 
roughness of bed substrate.
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Table 4. List of species reported by Schöll (1987) and Kif inger et al. (2004) from the GO catchment not 
found in our study. 
Group / species Schöll 1987 Kifinger et al. 2004 acid class
Crustacea
Niphargus sp. + 4
Ephemeroptera
Ephemerella ignita Poda, 1761 + 1
Leptophlebia marginata (Linnaeus, 1767) + 3
Leptophlebia vespertina (Linnaeus, 1758) + 3
Odonata
Aeshna cyanea (Müller, 1764) +
Pyrrhosoma nymphula (Sulzer, 1776) +
Plecoptera
Amphinemura standfussi (Ris, 1902) + 4
Capnia vidua Klapálek, 1904 + + 3
Leuctra autumnalis Aubert, 1948 + 4
Leuctra digitata Kempny, 1899 + 3
Leuctra handlirschi Kempny, 1898 +
Leuctra pseudosignifera Aubert, 1954 + +
Leuctra rauscheri Aubert, 1957 + 4
Nemoura cambrica Stephens, 1836 + + 5
Nemoura mortoni Ris, 1902 +
Protonemura montana Kimmins, 1941 + 2
Protonemura nitida (Pictet, 1935) + 3
Protonemura risi (Jacobson & Bianchi, 1905) +
Siphonoperla montana (Pictet, 1841) +
Heteroptera
Gerris sp. +
Trichoptera
Acrophylax zerberus Brauer, 1867 +
Adicella reducta (McLachlan, 1865) + 3
Beraea pullata (Curtis, 1834) + 3
Ecclisopteryx guttulata (Pictet, 1834) + 3
Glossosoma intermedium (Klapálek, 1892) + 2
Limnephilus centralis Curtis, 1834 +
Lype phaeopa (Stephens, 1836) +
Notidobia ciliaris (Linnaeus, 1761) +
Parachiona picicornis (Pictet, 1834) + 4
Philopotomus montanus (Donovan, 1813) + 3
Polycentropus flavomaculatus (Pictet, 1834) +
Pseudopsilopteryx zimmeri (McLachlan, 1876) + + 4
Psilopteryx psorosa (Kolenati, 1860) + 2
Wormaldia triangulifera McLachlan, 1878 +
Coleoptera
Deronectes platynotus (Germar, 1834) + + 3
Elmis rietscheli Steffan, 1958 +
Hydroporus nigrita (Fabricius, 1792) +
Oulimnius tuberculatus (P. W. J. Müller, 1806) +
Platambus maculatus (Linnaeus, 1758) +
Diptera
Atherix ibis (Fabricus, 1798) + 3
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Other significant factors, i.e. CPOM, conductivity, Ali, and average depth explained up to 
2% of variability in species data (Table 7).

The diagram of species best fitted to NMDS ordination (Fig. 8) emphasized mainly spe-
cies of mid-altitude and near neutral conditions of larger streams. They included mainly 
common rhithral species, the stoneflies Amphinemura sulcicollis, Leuctra inermis Gr., and 
Protonemura austriaca/intricata, and running water beetles Elmis rioloides and Limnius 
perrisi. Small brooks had usually lower species richness (Table 6) and their assemblages are 
likely a subset of those at more species-rich sites. Only few species were characteristic for 
small streams with low pH and higher Ali (Fig. 8): Nemoura cinerea, Agabus guttatus, and 

Table 5. Number of species found in different macroinvertebrate groups in the GO catchment and BF 
streams. Rarefied number of species for the GO catchment is in the brackets. 
Group GO catchment BF	streams Total
Ephemeroptera 16 15 16
Plecoptera 22 17 24
Trichoptera 37 38 45
Coleoptera 15 9 16
Chironomidae 55 31 55
Diptera (except Chironomidae) 16 14 20
Megaloptera 1 1 1
Crustacea 2 1 2
Mollusca 1 2 2
Tricladida 3 2 3
Species 168 (153.2±1.8) 130 184
Individuals 30,354 10,328 40,682

Fig. 8. Ordination diagram of species in the GO catchment. Only species with frequency. >2 and fit >0.4 are 
displayed and the font size is proportional to the square root of their total abundance.
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Plectrocnemia geniculata were classified as tolerant species adapted to strong acidity (Table 
3). Small, but less acidic streams were inhabited by crenobiont Agapetus fuscipes sensitive 
to acidity. Gammarus fossarum was abundant at slightly acidic sites with high proportion of 
CPOM in the bed substrate (cf. Figs. 7, 8). 

Based on maximum sensitivity of bioindicators, most of sites belonged to acid class 2, 
predominantly neutral to episodically weakly acidic streams, however, with almost two 
times more streams of acid classes 3 and 4 in assessment based on dominance than abun-
dance classes (Fig. 9). Based on all classified species (weighted average), most streams were 
classified as periodically critically acidic (acid class 3). However, considerable number of 

Table 6. Spearman correlations of species richness, abundance and acid class of the GO sites with environ-
mental variables. Significant correlations are in bold (p<0.001)

Variables Species 
richness

Total  
abundance

Acid class –  
abundance

Acid class –  
dominance

Acid class –  
weighted average

Altitude −0.29 −0.30 0.36 0.23 0.29
Slope −0.34 −0.21 0.27 0.13 0.09
pH 0.34 0.67 −0.53 −0.63 −0.72
Conductivity 0.05 0.27 −0.22 −0.20 −0.39
Temperature 0.23 0.19 −0.01 −0.01 −0.10
O2 0.14 0.06 −0.11 −0.24 −0.07
O2 saturation 0.11 −0.06 0.08 0.00 0.20
DOC 0.15 0.01 0.14 0.31 0.18
TN −0.11 −0.01 −0.24 −0.04 −0.08
TP 0.33 0.42 −0.22 −0.12 −0.24
ANC 0.33 0.61 −0.46 −0.56 −0.68
Cl− −0.07 0.14 −0.28 −0.22 −0.44
SO4

2− 0.17 0.12 −0.01 −0.17 −0.18
Na+ 0.26 0.42 −0.36 −0.29 −0.48
K+ −0.09 0.20 −0.21 −0.20 −0.44
Ca2+ 0.21 0.35 −0.28 −0.25 −0.43
Mg2+ 0.06 0.20 −0.21 −0.08 −0.18
Ali −0.26 −0.53 0.44 0.49 0.52
Discharge 0.50 0.25 −0.33 −0.20 0.02
Pools proportion −0.25 −0.10 0.20 0.19 0.12
Max. velocity 0.36 0.16 −0.14 −0.09 0.08
Average velocity 0.42 0.24 −0.33 −0.26 0.00
Max. depth 0.29 0.12 −0.11 0.00 0.21
Average depth 0.28 0.12 −0.11 0.06 0.22
Average width 0.41 0.24 −0.11 −0.12 0.12
Phi −0.15 0.06 −0.10 −0.04 −0.20
Macrophytes −0.11 −0.14 0.09 0.13 0.13
Wood −0.15 −0.24 0.11 0.05 0.17
CPOM −0.52 −0.18 0.21 0.02 −0.13
FPOM 0.10 −0.01 0.16 0.16 0.02
Species richness – 0.61 −0.40 −0.47 −0.21
Total abundance 0.61 – −0.50 −0.57 −0.55
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sites fell into periodically strongly acidic and permanently very acidic (acid classes 4 and 5) 
(Fig. 9) indicating strong biotic changes caused by acidification. Relation of acid class with 
water acidity measured at the sites was very weak in the acid class based on abundance 
classes (Table 6), showing very wide extent of pH and mainly ANC at the sites of acid class 
2 (Fig. 10). The strongest relation was found in the acid class based on weighted average 
which significantly correlated with water pH and ANC (R = −0.72), and Ali (R = 0.52) (Table 
6, Fig. 10). Acid class of sites were not correlated with stream size or any habitat property, 
and, importantly, neither with altitude nor slope (Table 6).  

BF streams
Main gradients in species data were associated with altitude, terrain topography (slope) 
closely linked with substrate roughness (phi) and share of pools, and water pH (Fig. 11). The 
composition of macroinvertebrate assemblages significantly changed from steep sites with 
boulder-stony substrate and dominating riffles to low-slope sites with finer substratum and 
equal share of riffles and pools (samples arranged from right to left in the diagrams, Fig. 11). 
Most influential variable in db-RDA was phi (strongly negativelly correlated with slope and 
macrophytes cover, R<−0.65) which explained 18.1% variability in species data. Water con-
ductivity (significantly correlated with pH and altitude, R = 0.67 and −0.72) explained 9.1% 
variability in species data (Table 7). 

The diagram with the species best fitted to this ordination (Fig. 12) showed a numerous 
group of species associated with the middle part of the gradient (moderately-slope streams 
with stony substrate) including mainly common and abundant rhithral species (Elmis ri-
oloides, Esolus angustatus, Protonemura austriaca/intricata, Amphinemura sulcicollis, 
Polycelis sp., etc.) and some species with narrower habitat requirements being sensitive to 
organic pollution and higher temperatures (Hydropsyche tenuis, Rhyacophila tristis, Rhi-
throgena hercynia). Low-slope gravel streams were preferred by Nigrobaetis muticus, 
Anomalopterygella chauviniana, Orthocladius rubicundus Gr., and Elmis maugetii. The 
second gradient showed the variability associated with the altitude and water pH. Sites at 
higher altitudes had lower pH, although its range was not wide (from 5.9 to 7.1). Species as-

Table 7. Results of the db-RDA with forward selection on GO catchment and BF streams. Cumulative value 
of adjusted R-squared, percentage of explained variability, F-ratio, and p-value are shown for each significant 
variable. 

Variables R2
adj Explained variability (%) F-ratio p-value

GO catchment
Average velocity 0.10360 10.36 6.4322 0.002
pH 0.19916 9.556 6.4886 0.002
Slope 0.25170 5.254 4.1594 0.002
Conductivity 0.27212 2.042 2.2349 0.004
CPOM 0.29163 1.951 2.1839 0.002
Ali 0.31388 2.225 2.3620 0.004
Average depth 0.32879 1.491 1.9111 0.008
<All variables> 0.34795
BF	streams
Phi 0.18121 18.12 2.9918 0.006
Conductivity 0.27181 9.06 1.9954 0.020
<All variables> 0.50624
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Fig. 9. Acid classes of the sites in the GO catchment calculated by three different methods. Sites are sorted by 
pH and ANC. Acid classes: 2 – predominantly neutral to episodically weakly acidic streams, 3 – periodically 
critically acidic streams, 4 – periodically strongly acidic streams, and 5 – permanently very acidic streams.
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sociated with higher altitude included species able to inhabit periodically acidic waters, such 
as Rhyacophila praemorsa, R. glareosa, Ameletus inopinatus, Heterotrissocladius marcidus 
(Table 3). All of them are pollution sensitive, with very low saprobic index (moog 2002, 
grAf et  al . 2008, zAhrádKoVá et  al . 2009).

Acid classes of sites calculated by three different methods showed fairly different results. 
The acid classes based on abundance classes showed half and half streams belonging to acid 
class 1 and acid class 2, whereas the acid classes based on dominance classified all sites as 
acid class 2 (Fig. 10). The strictest method, based on weighted average, classified all sites as 
acid class 3, except for Große Ohe 3 belonging to acid class 4 (Fig. 10). 

dIscussIon

The two sets of data included in this study cover the variability in stream types and their 
environmental attributes, as well as main patterns in macroinvertebrate diversity in the 
BFNP. The BF streams contain “the largest” streams in the area with sampling sites located 
near the border of the BFNP, i.e. at the lower altitude of the monitored stream biodiversity 
(Fig. 2). The main outcome of this study is to provide the data on the array of species rele-
vant for future systematic monitoring focusing on altitudinal shifts in species distribution 
and variability in the assemblages relevant for planning of the monitoring design. The GO 
catchment represents a typical example of stream network common at the area, i.e. steep, 
richly branching network with diverse forest in the catchment (Figs. 1, 2), being a model 
system for stream biodiversity monitoring in the Bohemian Forest. Sampling sites were lo-
cated evenly within the catchment and their Strahler’s orders proportionally correspond to 
real distribution of Strahler’s orders within the catchment (cf. Fig. 1). Thus, data on key eco-
logical gradients and diversity patterns found in the GO catchment are aimed to provide a 
detailed insight into the structuring of macroinvertebrate assemblages on the local scale. 

Fig. 10. Relation of acid classes of the sites in the GO catchment calculated by three different methods with 
pH and ANC.
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Species richness and abundance of macroinvertebrates and their relation to 
acidification
The BF streams provide heterogeneous environment for variety of rhitral species resulting 
in higher alpha diversity and abundance of macroinvertebrates than in the GO catchment 
(Fig. 4), where alpha diversity is positively related to the stream size (i.e. significantly cor-
relates with water discharge, average velocity, and stream width). Higher gamma diversity 
found in the GO catchment (168 species compared to 130 species in the BF streams) is at-
tributable not only to three times more individuals examined, but mainly to higher environ-
mental variability among sites resulting in higher beta diversity. Rarefied species richness is 
153.2±1.8 species found for 10,328 individuals examined in the GO catchment comparing to 
130 species in the BF streams (Fig. 5). Within the GO catchment, species richness (and total 
abundance) is not related to altitude, but rather to stream type and amount of CPOM (Table 
6). Likewise, main gradient in species composition of assemblages is related to stream type 
– stream size and flow velocity (Fig. 7). It emphasizes the necessity to include sufficient 
number of replicates of same stream types in the altitudinal transects studied in the monitor-
ing of stream biodiversity. Sampling sites added on side branches from 700 to 900 m a.s.l. 
(see Fig. 2) differing from a stream type of a main stream in each transect, are well-sup-
ported.

Species richness of macroinvertebrates is significantly related to water pH and toxic Al 
concentrations in acidic streams (e.g. guerold et  al . 2000, bAldigo et  al . 2009, trAiSter et  
al. 2013), although the relation cannot be apparent in naturally acidic streams (dAngleS et  
al. 2004). In the GO catchment, species richness is, surprisingly, not influenced by stream 
acidity (pH, ANC or Ali) or altitude which is aligned with the effects of acidification in the 
region. The GO catchment has been without any doubts affected by the acidification since 
the mid-1980s (Schöll 1987, lfw 1999, Alewell et  al . 2001, Kif inger et  al . 2004, SchAum-

Fig. 11. The NMDS ordination diagrams showing variables significantly fitted into the ordination of BF 
streams species data. The size and colour of the symbols are proportional to the measured values of the 
variables, while the contour lines indicate their fit into the ordination. Phi value decreases with increasing 
roughness of bed substrate. 
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burg et  al . 2010). Acid sensitive fish and macroinvertebrates (particularly mayflies and Gam-
marus fossarum) died out locally and their absence and/or low abundance and species-rich-
ness were documented especially at higher altitudes of the BFNP (Schöll 1987, 1989). The 
long-term acidification monitoring documented gradual increase of species richness along 
with increasing pH and decreasing difference between minimal and maximal annual pH in 
Große Ohe and Vorderer Schachtenbach (SchAumburg et  al . 2010). In contrast, this gradual 
recovery leading to relatively advanced phase of recovery in the late-1990 was followed by 
pronounced deterioration of water chemistry due to forest dieback in the catchments of See-
bach and Hinterer Schachtenbach (SchAumburg et  al . 2010). It caused temporary decrease of 
macroinvertebrate species richness in Seebach and Hinterer Schachtenbach (SchAumburg et  
al. 2010). Nevertheless, last data available to us (after 2005) indicate overall positive trends 
(lfu 2015) and we can assume that macroinvertebrates studied by our study refer to much 
more developed phase of recovery. Therefore, acidity seems to be recently not so strong en-
vironmental filter to structure species richness within environmentally heterogeneous 
stream network of Große Ohe.

Total abundance of macroinvertebrates, unlike their species richness, is significantly re-
lated to ANC, pH and Ali (Fig. 6). The relation is non-linear, abundance is low up to pH 
about 5.5 and then steeply increases being highest at sites with high ANC. Likewise, abun-
dance is variable, related to ANC, in Ali concentration from 0 to 53 µg.l−1, and dramatically 
decreases in Ali>53. It clearly demonstrates persisting effect of Al toxicity on macroinverte-
brates. The highest Ali concentration, extremal within our dataset, is 201 µg.l−1 in “Tiefe 
Seige 1” (TISE1, nr. 3) which has the lowest macroinvertebrate abundance (42). It is compa-
rable with strongly acidified streams with extreme hydrochemistry (pH 4–4.7 and Ali be-
tween 0.2 and 2.0 mg.l–1) in the Czech Republic (horecKý et al. 2006, 2013), which are in-
habited only by extremely acid-tolerant species (Leuctra nigra, Nemurella pictetii, 
Plectrocnemia conspersa, and Corynoneura spp.) (horecKý et al. 2006). 

Fig. 12. Ordination diagram of species in the BF streams. Only species with frequency >2 and fit >0.6 are 
displayed and the font size is proportional to the square root of their total abundance.
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Community	composition	of	macroinvertebrates:	important	gradients	and	acid	status	
of streams  
The main compositional gradient in species data in the BF streams, which are environmen-
tally relatively similar each other, is aligned with substrate roughness (Fig. 11). Composition 
of macroinvertebrate assemblages differs from sloping Kleiner Regen and Hirschbach above 
Frauenau drinkwater reservoir and Sagwasser (streams with large stones dominating in bed 
substrate) to low-sloping Große Ohe near Riedlhütte (fine gravel-dominated substrate) (Fig. 
11). Substrate roughness explains 18% of variability in species data. Water conductivity, 
second significant factor explaining 9% of variability in species data, likely express the dif-
ference in water quality among catchments resulting from different bedrock and land cover. 
Composition of macroinvertebrate assemblages is, naturally, more complex in the GO catch-
ment. Most important factors shaping macroinvertebrate assemblages are average flow ve-
locity and water pH which represent two main independent gradients in species data (Fig. 
7). The remaining five significant factors (slope, water conductivity, CPOM, Ali, and average 
stream depth) determine local environmental conditions in different parts of the network. 
Macroinvertebrates are influenced by local catchment properties, such as local terrain to-
pography determining morphology of streams, forest structure influencing the amount of 
CPOM in streams, and also water chemistry. The significant effect of water conductivity can 
be interpreted as possible influence of nutrients, cations, and Cl, because these are signifi-
cantly correlated with conductivity. Detailed insight to the role of local influences, catch-
ment properties as well as spatial structuring on the macroinvertebrate assemblages within 
the GO network require further study. 

Composition of macroinvertebrate assemblages in the Bohemian Forest streams have been 
studied mainly to describe and assess the effect of acidification (růžičková 1998, Alewell 
et al. 2001, fricoVá et al. 2007, SVobodoVá et al. 2012, lfu 2015). Acidification monitoring, 
which gathered extensive species data since the early 1980s, has been concentrated primar-
ily on evaluation of species richness and acid status of streams, and their temporal changes 
(e.g. SchAumburg et al. 2010, lfu 2015). Acid status assessment is based on maximum sen-
sitivity of bioindicators, i.e. species are cumulatively added from acid sensitive to acid very 
resistant till the threshold is reached (brAuKmAnn & biSS 2004). In the 1980s, acid status of 
streams in the Bavarian Forest ranged from permanently very acidic (acid class 5 – Rachelsee 
inlets) and periodically strongly acidic (acid class 4 – Markungsgraben, Seebach, Große 
Ohe, and Sagwasser) to periodically critically acidic streams (acid class 3 – Vorderer 
Schachtenbach, Hinterer Schachtenbach, Hirschbach, and Kleiner Regen) (lfu 2015). Re-
cently (2005–2013), acid status of most streams reached class 2 (predominantly neutral to 
episodically weakly acidic) or even class 1 (continuously neutral streams) in the case of 
Hirschbach and Sagwasser (lfu 2015). Only Rachelsee inlets remained under strong acid 
stress (acid class 4).

Evaluation of our data using the same method (i.e. scoring of species with maximal sen-
sitivity, when threshold based on sum of abundance classes of scoring species is 4) shows 
same results in the above-mentioned streams (Fig. 9). Of all GO and BF streams, six streams 
reach even the status of continuously non-acidic streams and most streams belong to acid 
class 2 (Fig. 9), including streams of various acidity (from pH 4.6 and negative ANC to pH 
6.8 and positive ANC). Thus, the acid class of streams is not related to pH and ANC meas-
ured directly in the field (Table 6, Fig. 10), which suggests that this assessment overestimates 
acid sensitive species. It is caused by quite permissive threshold, which can be reached by 
two species of acid class 2 with abundance class 2 (from 2 to 20 individuals according to Alf 
et al. 1992), it means in fact by four specimens, irrespective of the rest of specimens in the 
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sample. Thus, we calculated the acid class based on two other methods, scoring of species 
with maximal sensitivity with threshold based on species dominance (recommended method 
by brAuKmAnn & biSS 2004) and by average acid class based on all scoring species in the 
sample (weighted average). The results are much better related to pH and ANC (Table 6, Fig. 
10) and show the relation of the assemblage to the acidity from different perspectives. 

Acid class assessment based on the dominance emphasizes the contribution of moder-
ately acid sensitive species scoring many streams to acid class 2, the rest being acid class 3 
(with 2 exceptions). However, 31 of 43 streams classified as acid class 2 were scored by the 
only species, i.e. the remaining scoring species together do not reach the threshold of 10%. 
The most important species is Gammarus fossarum (scoring in 17 streams), following by 
Baetis alpinus, Leuctra alpina, Isoperla goertzi/rivulorum/silesica, and Philopotamus ludi-
ficatus. The remaining 12 streams (especially six largest BF streams and Große Ohe) showed 
diverse array of (medium) acid sensitive species scoring to the acid class 2. Acid status of 
streams based on weighted average is shifted more to acidic streams, because the assem-
blages are mostly composed of individuals of acid classes 3 and 4 (cf. Table 4). This assess-
ment better recognises assemblages under strong acid stress, i.e. those dominated by acid-
tolerant or eurytopic species, such as stoneflies Brachyptera seticornis, Nemoura cinerea, 
Nemurella pictetii, Protonemura auberti, Leuctra nigra, and caddisflies, Plectrocnemia con-
spersa, Chaetopteryx villosa, which are not accompanied by moderately sensitive species. 
Weak point of this method can be the proportion of unclassified species in each sample, 
similarly as the definition of threshold in the method based on maximum sensitivity of bio-
indicators. Importantly, acid status of sites (assessed by all methods) is not related to alti-
tude, stream size or any habitat feature (Table 6). It indicates that macroinvertebrates are 
influenced by a mosaic of local conditions within the catchment offering local refugia in 
different parts of the network and different altitude, which is advantageous for biotic recov-
ery.

Comparison with literature data 
Our data include about a third of species recorded by Schulte & weinzierl (1990; 
Ephemeroptera, Plecoptera, Trichoptera, Coleoptera) and PitSch (1994; Trichoptera, Odo-
nata, Crustacea) from the entire Bavarian Forest, including the area of the BFNP. Schulte 
& weinzierl (1990) found 289 species, 101 of them were found in our study, and PitSch 
(1994) found 111 species of Trichoptera, 44 of them were found in our study. Putting aside 
obvious differences in the sampling methods and more habitat types covered by these two 
studies, we can conclude that they recorded almost all species found in our study (Table 3) 
including also Ephemeroptera (Ecdyonurus venosus, Nigrobaetis niger) and acid sensitive 
Trichoptera (e.g. Agapetus fuscipes, Glossosoma conformis) not found in the core zone of the 
BFNP in the period of strong acidification (Schöll 1987; Kifinger et  al . 2004). This indi-
cates that acid sensitive species had some refugia outside the area impacted by acidification 
in that time, which could later help them to colonise recovering habitats. On the other hand, 
many acid sensitive or moderately sensitive species, which are very common and abundant 
in the Bohemian Forest (including the Czech part of the mountains), are recently still miss-
ing in the GO catchment and also in many BF streams. They are, for instance, stoneflies 
Perla marginata and Dinocras cephalotes, and mayflies Ephemera danica, Centroptilum 
luteolum, Torleya major, Paraleptophlebia submarginata (e.g. lAndA & Soldán 1989, Sol-
dán 1996). 

Roughly direct comparison is possible in the GO catchment, where Schöll (1987) and 
Kifinger et  al . (2004) studied 14 sites covering the entire catchment in the period of strong 
acidification in the 1980 and after the forest dieback in 2001–2002. Total number of species 
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recorded by us, 113 species, is comparable with 106 species recorded by these two studies. 
We found most of species recorded by them, 51 species of 82 species recorded by Schöll 
(1987) and 54 species of 72 species recorded by Kif inger et  al . (2004). Most  of t he species 
not recorded by us are not reliably distinguishable in larval stage (Nemoura cambrica, Leuc-
tra handlirschi, L. rauscheri, L. pseudosignifera, Wormaldia triangulifera), thus, can be 
included at higher taxonomic levels in our data, or cannot be captured by spring sampling 
(mainly stoneflies with emergence in summer and autumn, Leuctra autumnalis, L. digitata, 
Protonemura montana, P. nitida, and the mayfly Ephemerella ignita) (Table 4). More impor-
tant difference is that our data do not include numerous crenophilic and crenobiont species, 
such as Parachiona picicornis, Beraea pullata, Psilopteryx psorosa, Adicella reducta, etc., 
which indicates that we do not cover the whole (relatively high) beta diversity even by 48 
sites within the GO catchment. Very small headwaters and springbrooks can harbour unique 
fauna highly contrasting to the surrounding rhithral streams (hubáčková et al. 2016) and, 
thus, they, despite their low alpha diversity, can considerably contribute to biodiversity at the 
network scale (meyer et  al . 2007, clArKe et  al . 2008, finn et  al . 2011). 

Importantly, we found distinctly higher species richness of Ephemeroptera, Coleoptera 
and Diptera (Table 3) which can be interpreted as a sign of colonisation of recovering 
streams. Moreover, we recorded five species classified as acid sensitive (preferring continu-
ously neutral streams according to brAuKmAnn & biSS 2004) not recorded by the two com-
pared studies, which, however, occur rarely (mayflies Habroleptoides confusa and Ephemer-
ella mucronata, caddisflies Agapetus fuscipes and Glossosoma conformis, and the isopod 
Asellus aquaticus). Only two acid sensitive species, the mayfly Ephemerella ignita and the 
caddisfly Allogamus auricollis, are known from the GO catchment in the period of strong 
acidification. Remarkable number of species (12) not recorded by Schöll (1987) and Kifin-
ger et  al . (2004) are moderately acid sensitive (preferring predominantly neutral to episodi-
cally weakly acidic conditions), e.g. Habrophlebia lauta, Rhithrogena iridina/picteti, 
Rhithrogena loyolaea, Anomalopterygella chauviniana, Hydraena dentipes, and Ibisia mar-
ginata. The most abundant moderately acid sensitive species, the amphipod Gammarus fos-
sarum, referred as absent at the higher altitudes by Schöll (1987), is frequent and locally 
very abundant at our studied sites, but avoiding the highest altitudes. In total, Schöll (1987) 
and Kif inger et  al . (2004) found same number of acid tolerant and resistant species (classes 
3–5) as our study (58 and 56 species, respectively), but they found only 13 species of the 
classes 1 and 2 comparing to 27 species found by us (see Table 3, 4). Moreover, moderately 
acid sensitive species are recently much more frequent, for example Gammarus fossarum 
and mayflies (except for B. alpinus) were found only in 2 of 14 localities in the 1980s (Schöll 
1987). Thus, the comparison with literature data suggests that recent macroinvertebrate as-
semblages are more diversified and dissimilar to those described by Schöll (1987) and Ki-
finger et  al . (2004).  
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Abstract
A segment of the Jedlový Potok stream, a tributary of the Teplá Vltava River, was restored in 2015 as part 
of a large restoration programme aiming to ameliorate the water regime in the Vltavský Luh wetland com-
plex. This paper describes plant communities occurring in the Jedlový Potok floodplain at the time of its 
restoration and immediately afterwards with the aim to provide baseline information for further monitoring 
of vegetation development. Four main types of open wetland habitats were distinguished. An extensively 
mown wet Cirsium meadow and a Phalaris arundinacea marsh occurred in the riparian zone with a more 
fluctuating water table while a short-sedge fen and an Eriophorum vaginatum mire formed a peatland zone 
further away from the watercourse. In spite of some degradation caused by previous drainage, the com-
munities have preserved their characteristic physiognomy and species composition and thus represent good 
examples of wetland plant communities of the Vltavský Luh wetland complex. 

Key words: biodiversity, Bohemian Forest, stream restoration, water regime, wetlands, zonation

IntroductIon

Numerous watercourses were channelized in the Bohemian Forest (Šumava in Czech) in the 
past in order to increase the production of the surrounding agricultural land and woodland. 
These measures have seriously altered the water regime of adjacent wetlands, which in turn 
changed soil conditions and microclimate and, consequently, also the biota inhabiting these 
habitats. 

Within a large restoration programme of the Bohemian Forest wetlands, near-natural con-
ditions were restored among others in three streams, the Hučina, the Jedlový Potok, and the 
Žlebský Potok, which feed the wetland complex of Vltavský Luh. Wetland vegetation, phys-
ico-chemical parameters of the stream water, communities of benthic invertebrates, and 
aquatic and wetland vegetation have been monitored on these sites since the restoration 
(Bojková et al. 2015).

The Jedlový Potok stream is a left-hand tributary of the Teplá Vltava stream, to which it 
discharges near the village Dobrá. The middle course of the Jedlový Potok stream was 
moved to a new bed in connection with the railway construction at the end of the 19th cen-
tury. In the 1950s, the stream bed was straightened along most of its course and reinforced 
with concrete blocks and stones. The artificial bed was 0.5–1.1 m deep and, at some places, 
up to 5 m wide. The canal drained adjacent meadows and also served as part of the drainage 
system along the perimeter of the nearby Soumarský Most peatland, from which peat was 
excavated.
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In autumn 2015, the downstream, straightened segment of the Jedlový Potok stream was 
restored. The restoration included the construction of a new meandering bed, which was 
0.2-0.4 m deep and, except for through-flow pools, less than 2 m wide. The former artificial 
channel was filled up by soil except for several parts which were modified into pools. The 
985-m long, formerly channelized section of the Jedlový Potok stream was thus extended to 
the restored length of 1115 m. 

The restoration has initiated the natural development of the stream bed and its floodplain; 
it is anticipated that the changes in water regime, namely the increased groundwater level, 
will affect also the local vegetation. This paper describes the plant communities in the Jed-
lový Potok floodplain at the time of its restoration and immediately afterwards with the aim 
to provide a baseline information for potential long-term monitoring of the restoration ef-
fects. 

Methods

Eight permanent plots (15–25 m2, see Table 1) were laid in the floodplain of the restored seg-
ment of the Jedlový Potok stream. Two quadrats were placed in each of four habitat types, 
distinguished by their physiognomy, dominant plant species and distance from the stream 
bed (Fig. 1). 
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(i) A wet meadow habitat with a high dominance of dicotyledonous species (called wet 
Cirsium meadow in further text), which formed a several meter wide interface between the 
stream and an extensively managed meadow. The habitat lies on a gley soil based on quater-
nary deluvial sediments (ČGS 2018a,b). The soil is mineral, sandy loam by texture.

(ii) A marsh habitat overgrown with Phalaris arundinacea (Phalaris marsh), which ex-
tended along the stream in the unmanaged part of the open floodplain. This habitat also lies 
on poorly developed soil on sandy sediments. 

(iii) A waterlogged peaty habitat with a high dominance of sedges and rushes, situated 
within 100 m from the stream (short-sedge fen). The soil is gley based on quaternary delu-
vial sediments. In contrast to the habitats above, it has a surface organic horizon more than 
0.3 m deep (ČGS 2018a,b).

(iv) A  mire habitat with Eriophorum vaginatum and Molinia caerulea (Eriophorum 
mire), situated more than 100 m away from the stream and close to the waterlogged spruce 
forest neighbouring the open floodplain. The soil is histosol based on a thick layer of peat 
(ČGS 2018a,b). 

The plots were marked on 21 August 2015 except for the two plots with P. arundinacea, 
which were selected on 29 June 2017 (this particular part of the floodplain was not accessible 
in summer 2015 because of the construction works). A perforated PVC tube (0.05 m in di-
ameter) was installed to a depth of 0.5–0.6 m near each plot for measurement of the depth to 
the groundwater level. The groundwater levels were measured approximately at one-month 
intervals from June to October 2017 and from April to July 2018. 

Lists of phanerogam species were made within each habitat type in August 2015, i.e. at the 
time the restoration started. Phytosociological relevés of the permanent plots were recorded 
on three dates of 2017 (1–2 June, 28–29 June and 27–28 July) in order to cover the late 
spring, early summer and late summer aspects of the vegetation, and repeated in early sum-
mer 2018 (12 June). The cover of phanerogam species was recorded using a combined abun-
dance-dominance scale, in which the symbol “r” was used for one or several small individu-
als and the symbol “+” for one big or many small individuals with a cover smaller than 1%. 
A species dominance ≥1% was estimated as percentage of total cover.

With some exceptions, the same plant species were found in the habitats in 2015, 2017 and 
2018. Also differences in species cover among the dates of 2017 were fairly small and large-
ly corresponded with the species’ phenological phases. Therefore, only relevés taken on 
early summer dates of the two consecutive years (29 June 2017 and 12 June 2018) are pre-
sented here.

The names of phanerogams follow kuBát et al. (2002). Bryophytes were classified only to 
broad taxonomic categories. The habitat classification follows Chytrý et al. (2010). The di-
agnostic species of syntaxonomical units are based on Chytrý (2007, 2011). 

results and dIscussIon

Groundwater level
The habitats differed in their water regimes. Both habitats occurring close to the watercourse 
had great ranges of water level fluctuations. The wet Cirsium meadow had the lowest minima 
and medians of the groundwater depth, followed by the Phalaris marsh (Fig. 2). On the Cir-
sium meadow, even the maximum groundwater levels remained below the soil surface at all 
measurement dates; this was the case also at a peak discharge following continuous rain on 
13 June 2018, when flood warnings (i.e. the 2nd level of flood activity) were issued by the 
nearest measurement stations at the Teplá Vltava stream in Lenora and Chlum. In compari-
son, the habitats occurring at greater distances from the watercourse, i.e. the short sedge fen 
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and the Eriophorum mire had a more stable water regime with smaller fluctuations. The 
mean groundwater level remained within a 0.2-m depth from the soil surface and the habi-
tats were shallowly flooded at times of continuous rain. 

Although the ranges of groundwater level fluctuations correspond to the general knowl-
edge of the habitats, the exact values should be interpreted with caution because the number 
of sampling was fairly small, the sampling dates did not reflect the frequency and duration 
of wet and dry periods and they did not include early spring. In addition, it should be born 
in mind that they describe the state after (not before) the restoration. 

Characteristics of the plant communities
The wet Cirsium meadow had by far the greatest species richness with a total of 47 phanero-
gams (Table 1). Dicots constituted more than 50% of the species number and 50% total 
cover (Table 2). The community included diagnostic species of the association Holcetum 
lanati 1934, characterized by soils that are moist in spring but can dry out in the second part 
of the vegetation season, when the groundwater level can drop to as much as –1 m. Such 
conditions were probably common before the stream restoration. The rich representation of 
dicots both in species number and cover together with the respective diagnostic species are 
features of the association Polygono bistortae-Cirsietum heterophylli Balátová-Tuláčková 
1975, which typically occur along watercourses on soils that are moist throughout the veg-
etation season. This habitat corresponded to the Deschampsia caespitosa-Alopecurus pra-
tensis community according to Bufková et al. (2005). 

The Phalaris marsh hosted a species-poor community with one or two strong dominants 
(P. arundinacea in plot 3 and its mixture with Scirpus sylvaticus in the wetter plot 4). It cor-
responded to the association Phalaridetum arundinaceae Libbert 1931, which is supported 
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Table 1. Representation of phanerogam species in the phytosociological relevés recorded on permanent plots 
in the floodplain of Jedlový Potok. Numbers indicate percentage of species cover (in %); r: species present as 
one or few small individuals; +: species present as one robust or a greater number of small individuals with 
negligible cover. Even relevés (No. 1, 3, 5, 7, 9, 11, 13, 15) were taken on 28–29 June 2017; odd relevés 
(No. 2, 4, 6, 8, 10, 12, 14, 16) were taken on 12 June 2018. 

Habitat Cirsium meadow Phalaris marsh Short-sedge fen Eriophorum mire

Plot No. 1 2 3 4 5 6 7 8

Area (m) 4×4 4×4 2.5×6 2.5×6 5×5 5×5 5×5 5×5

Relevé No. 1 2 3 4 5 6 7 8 9 10 11 12 14 14 15 16

Number of species 43 41 38 34 16 16 11 14 29 24 23 24 13 12 11 10
Diagnostic species of the class Molinio-Arrhenatheretea and ass. Holcetum lanati

Carex brizoides 10 12 10 15 7 8 . . + + 8 1 . . . .

Lathyrus pratensis + 1 1 1 + 1 . . r + . . . . . .

Rumex acetosa + + 1 1 . r . . . r r r . . . .

Holcus lanatus 1 + + 1 . . . . . . + r . . . .

Cirsium palustre r r 1 + . . . . . . r + . . . .

Lychnis flos-cuculi + + + r r + . . . . . . . . . .

Alopecurus pratensis 1 1 + + . . . . . . . . . . . .

Ranunculus acris + 1 1 + . . . . . . . . . . . .

Achillea ptarmica . r r . . . . . . . + + . . . .

Galium palustre . . . . . . r r . . . . . . . .

Diagnostic species of the alliance Calthion palustris and ass. Polygono bistortae-Cirsietum  
heterophylli

Bistorta major 1 6 9 7 2 5 . + 10 10 8 5 . . . .

Galium uliginosum 4 1 4 1 + + r + 1 1 . r . . . .

Cirsium heterophyllum 5 6 4 7 . . . . 2 1 + + . . . .

Agrostis capillaris 5 10 5 7 r . . . . . . . . . . .

Angelica sylvestris . . . . . . r r 1 3 . r . . . .

Scirpus sylvaticus . . . . + 1 10 25 . . . . . . . .

Hypericum maculatum 3 6 6 4 . . . . . . . . . . . .

Crepis paludosa + 3 r + . . . . . . . . . . . .

Caltha palustris . . . . . . . r . . . . . . . .
Diagnostic species of the ass. Phalaridetum arundinaceae 

Lysimachia vulgaris r r . . 1 1 r 1 . . . r . . . .

Phalaris arundinacea r . . . 75 50 85 40 . . . . . . . .

Scutellaria galericulata . . . . + + . r . . . . . . . .
Diagnostic species of the class Scheuchzerio palustris-Caricetea nigrae

Potentilla erecta 5 8 1 + r r . . 1 3 10 8 3 3 2 3

Carex nigra 1 3 . r . . . . 15 6 3 + 4 1 + +

Agrostis canina . . . . . . . . r 3 2 7 2 7 4 6
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Table 1. Continued.

Habitat Cirsium meadow Phalaris marsh Short-sedge fen Eriophorum mire

Plot No. 1 2 3 4 5 6 7 8

Area (m) 4×4 4×4 2.5×6 2.5×6 5×5 5×5 5×5 5×5

Relevé No. 1 2 3 4 5 6 7 8 9 10 11 12 14 14 15 16

Number of species 43 41 38 34 16 16 11 14 29 24 23 24 13 12 11 10

Viola palustris . . . . . . . . + r + r + r r .

Carex rostrata . . . . . . . . 20 10 . . 1 r . .

Eriophorum angustifo-
lium . . . . . . . . 1 1 + r . . . .

Carex panicea + r . . . . . . . . r . . . . .

Potentilla palustris . . . . . . . . . . . . 2 1 . .
Diagnostic species of the class Oxycocco-Sphagnetea

Eriophorum vaginatum . . . . . . . . . . . . 30 20 35 13
Other species

Filipendula ulmaria 9 10 12 15 5 8 r 2 2 3 r . . . . .

Festuca rubra 3 3 5 7 . . . . 2 1 5 2 . r r r

Luzula multiflora + + r r . . . . r . 1 + + . + +

Sanguisorba officinalis 4 7 3 1 . . . . 3 4 8 7 r . . .

Deschampsia cespitosa 5 5 8 8 . + . . 2 2 2 4 . . . .

Vicia cracca + + + + + . r r r + . . . . . .

Juncus filiformis . . . . . . . . 20 25 15 20 3 6 5 +

Peucedanum palustre . . . . . . . . 6 6 8 8 3 8 3 8

Chaerophyllum hirsu-
tum 2 5 3 5 r + . . r . . . . . . .

Pimpinella major 1 1 1 4 . . . . 1 2 . . . . . .

Veronica chamaedrys 1 1 2 1 . . . . r r . . . . . .

Molinia caerulea . . . . . . . . . . . . 13 15 10 10

Aegopodium podagra-
ria . . 4 6 r 4 . . . . . . . . . .

Carex pallescens 3 5 + 1 . . . . . . . . . . . .

Holcus mollis 1 3 + 1 . . . . . . . . . . . .

Juncus effusus 1 1 . . 1 2 . . . . . . . . . .

Alchemilla sp. 2 1 + + . . . . . . . . . . . .

Achillea millefolium r + r r . . . . . . . . . . . .

Anemone nemorosa . . . . . . . r r . r + . . . .

Avenella flexuosa . . . . . . . . . . . . r + r r

Cardaminopsis halleri r r + r . . . . . . . . . . . .

Epilobium palustre . . . . . . r r r . . r . . . .
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Table 2. Cover of plant functional groups on permanent plots in the floodplain of Jedlový Potok in early 
summer 2017 and 2018. Even relevés (No. 1, 3, 5, 7, 9, 11, 13, 15) were taken on 28–29 June 2017; odd 
relevés (No. 2, 4, 6, 8, 10, 12, 14, 16) were taken on 12 June 2018.
Habitat Cirsium meadow Phalaris marsh Short-sedge fen Eriophorum mire
Plot No. 1 2 3 4 5 6 7 8
Relevé No. 1 2 3 4 5 6 7 8 9 10 11 12 14 14 15 16
Moss layer 0 0 0 0 0 0 0 0 0 0 0 5 60 50 75 70
Sphagnales 0 0 0 0 0 0 0 0 0 0 0 5 60 50 75 70
Other mosses 0 0 0 0 0 0 0 0 0 0 0 + r r 1 1
Herb layer 70 95 80 90 90 75 95 65 90 80 70 60 60 60 60 40
Poaceae 16 22 18 24 75 50 85 40 6 7 9 13 13 22 14 16
Cyperaceae 14 20 10 16 7 9 10 25 35 16 11 1 5 1 0 0
Other monocots 1 1 0 0 1 2 0 0 21 26 16 20 33 26 40 13
Dicots 37 57 53 53 8 19 0 3 28 34 36 35 8 13 5 11
Total cover 70 95 90 90 90 75 95 65 90 80 70 60 70 60 80 75

Habitat Cirsium meadow Phalaris marsh Short-sedge fen Eriophorum mire

Plot No. 1 2 3 4 5 6 7 8

Area (m) 4×4 4×4 2.5×6 2.5×6 5×5 5×5 5×5 5×5

Relevé No. 1 2 3 4 5 6 7 8 9 10 11 12 14 14 15 16

Number of species 43 41 38 34 16 16 11 14 29 24 23 24 13 12 11 10

Poa pratensis r + + + . . . . . . . . . . . .

Stellaria graminea r r r r . . . . . . . . . . . .

Cerastium holosteoides 
subsp. triviale r r r . . . . . . . . . . . . .

Trifolium pratense . r r r . . . . . . . . . . . .

Poa chaixii . . . . . . . . 2 2 . . . . . .

Aconitum plicatum . . . . . . . . 1 2 . . . . . .

Campanula patula r . r . . . . . . . . . . . . .

Carex ovalis + + . . . . . . . . . . . . . .

Dactylis glomerata r r . . . . . . . . . . . . . .

Galeopsis tetrahit . . . . . . r r . . . . . . . .

Mentha arvensis r r . . . . . . . . . . . . . .

Succisa pratensis . . . . . . . . . . r r . . . .

Urtica dioica . . . . . . r + . . . . . . . .

Viola tricolor r . r . . . . . . . . . . . . .
Species present in small abundances (as indicated by symbol r) only in one relevé (relevé No. given in 
brackets): Trifolium spadiceum (1), Ajuga genevensis (3), Tanacetum vulgare (7), Avenula pubescens (9), 
Briza media (11). 

Table 1. Continued.
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by the presence of Lysimachia vulgaris and Scutellaria galericulata and absence of long-
term flooding (cf. Fig. 2), which excludes disturbances by water flow. The Phalaris marsh is 
a type of the tall grass marsh communities described by Bufková et al. (2005). 

The short-sedge fen had the second greatest species richness with a total of 30 phanerog-
ams, which included 18 dicots forming about 30% total cover (Table 1, 2). The community 
shared many species with the Cirsium meadow including the tall herbs Cirsium heterophyl-
lum, Bistorta major and Filipendula ulmaria, which formed conspicuous seasonal colour 
aspects. Several phanerogam species were diagnostic of the class Scheuchzerio palustris-
Caricetea nigrae Tüxen 1937. The presence of short-sedge species and the fragmentary 
development of the moss layer indicated its closeness to the association Caricetum nigrae 
Braun 1915. The habitat resembled the short-sedge mire of the Carex rostrata–C. canescens 
community as described by Bufková et al. (2005). The high representation of Juncus fili-
formis and C. brizoides is considered a sign of degradation caused by the previous drainage 
and abandonment.

The Eriophorum mire hosted the smallest number of species of the four habitats. The 
community was formed mainly by two strong dominants, E. vaginatum and Molinia cae ru-
lea, and a few additional species in small abundances that occurred also in the neighbouring 
habitats. It was the only one of the four habitats with a well-developed moss layer, formed 
mostly by Sphagnum species. Eriophorum vaginatum might indicate a transition toward an 
open bog of the association Eriophoro vaginati-Sphagnetum recurvi Hueck 1925; another 
species diagnostic of this association, Vaccinium uliginosum, was absent from the perma-
nent plots but occurred closer to the neighbouring waterlogged spruce forest. On the other 
hand, the high dominance of M. caerulea indicated pronounced fluctuations of the ground-
water table in the past. The community is probably identical with the tall grass fen domi-
nated by Molinia caerulea according to Bufková et al. (2005).

Ideally, the relevés should be taken prior the restoration for at least three years. However, 
it was not possible in this study. A question therefore remains how much the relevés reflect 
the state of the vegetation before the restoration. It seems that they do because vegetation 
changes are usually identifiable after a longer time, in some cases even after decades (PraCh 
1993, 2008) while inter-annual differences rather reflect meteorological differences. The two 
years after the restoration were exceptionally dry, which most probably weakened the im-
mediate restoration effect.

conclusIon

The vegetation of the Jedlový Potok floodplain includes typical plant communities of the 
Vltavský Luh wetland complex. The sequence of the unmanaged habitats extending from the 
stream bank further away, i.e. the Phalaris marsh, the short-sedge fen, and the Eriophorum 
mire, represent a good example of the local wetland zonation, encompassing both the regu-
larly-flooded riparian zone and the marginal peatland zone. The wet Cirsium meadow, re-
sulting from the joint effects of water regime and extensive mowing, adds both to the species 
and habitat diversity of the area. Although the communities bear signs of degradation such 
as fairly high covers of Carex brizoides, Juncus filiformis, and Molinia caerulea, resulting 
from the previous drainage and abandonment, they have preserved their characteristic phys-
iognomy and species composition, which will hopefully be further supported by the restored 
natural water regime of the stream.
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Abstract
This paper summarises the distribution of Salix myrsinifolia in southern Bohemia (Czech Republic). The 
species has been found at eight probably natural localities to date, especially in the Bohemian Forest 
(Šumava Mts.). Recently, we confirmed seven of them. In southern Bohemia, S. myrsinifolia mostly grows 
in poor acidic fens (Sphagno-Caricion canescentis) and meadows around springs (Calthion palustris). The 
populations are composed of only one or two individuals; altogether, only nine shrubs of this critically en-
dangered species in the Czech Republic are extant in the study area. There was no generative offspring 
observed at any locality, whereas vegetative sprouting was recorded around some shrubs. The species has 
also been planted in this region, mostly the cultivar ‘Cotinifolia’.

Key words: Czech Republic, endangered species, Salicaceae, willow

Úvod

Vrba černající (Salix myrsinifolia Salisb.) patří k nejproměnlivějším druhům evropských 
vrb. Variabilní je především velikost, tvar, odění listů a okraj listové čepele (RechingeR 
1964). Jenom ve střední Evropě je uváděno 10 variet rozlišených pouze na základě tvaru 
čepele (Wagenitz 1981). Tato morfologická proměnlivost vedla k popisu různých morfolo-
gických odchylek jako samostaných druhů, popř. domnělých hybridů (SkvoRtSov 1999). 
V současnosti jsou v Evropě rozlišovány poddruhy dva (SkvoRtSov 1999) – subsp. myrsini-
folia a subsp. borealis (Fr.) Hyl. Nominátní poddruh má boreomontánní rozšíření, jehož 
severní souvislá část zahrnuje Britské ostrovy, Skandinávii, severovýchodní Evropu a zá-
padní Sibiř, jihozápadní okraj souvislého výskytu probíhá východní polovinou Polska. Dále 
tento poddruh roste v celých Alpách a vzácně je udáván i z dalších, především horských 
oblastí střední Evropy. Izolované výskyty jsou uváděny z Pyrenejí (nejistý údaj) a hor sever-
ní části Balkánského poloostrova (Uotila 2011). Vyznačuje se listy na rubu pýřitými až 
olysalými a nápadně ojíněnými (kromě špičky listu, která je zelená) a jehnědami, které se 
objevují před vyrašením listů. Poddruh Salix myrsinifolia subsp. borealis (Fr.) Hyl. je udá-
ván pouze ze severní části Fenoskandinávie a Ruska a od nominátního se odlišuje většími 
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listy, které jsou na rubu více chlupaté, víceméně bez ojínění a jehnědami rašícími zároveň 
s listy (RechingeR 1964, SkvoRtSov 1999). V minulosti byl rozlišován na úrovni samostatné-
ho druhu, avšak nedostatečná morfologická a geografická diferenciace od nominátního pod-
druhu takové hodnocení neopravňují (SkvoRtSov 1999).

Do okruhu vrby černající, tj. do sekce Nigricantes Kerner, dále patří endemit rakouských 
a italských Alp, Salix mielichhoferi Saut., který je na rozdíl od S. myrsinifolia na rubu listů 
zcela lysý (Wagenitz 1981, fiScheR 2008). Třetím v Evropě v současnosti akceptovaným 
druhem je Salix apennina A. K. Skvortsov rostoucí na Apeninském poloostrově a izolovaně 
také na Sicílii, Korsice a v jižním Švýcarsku (Uotila 2011). Tento taxon má listy na rubu 
ojíněné (včetně špičky) a oproti S. myrsinifolia má více vyniklé žilky na rubu listů, na vět-
vích větší počet delších lišt pod kůrou a kratší čnělky (laUbeR et al. 2018). Z území České 
republiky je udávána pouze Salix myrsinifolia subsp. myrsinifolia. 

V České republice je vrba černající obvykle považována za prvek alpského migrantu, 
protože její výskyt byl donedávna znám pouze z jižních a jihozápadních Čech – Český les, 
Třeboňská pánev, Šumava (chmelař & koblížek 1990). V poslední době byla však nalezena 
také na Liberecku u Machnína (peTřík in hadinec & lUStyk 2007) a v Krušných horách 
u Petrovic (koblížek in hadinec & lUStyk 2014). Protože se lokality nacházejí často v blíz-
kosti existujících či zaniklých osad, je původnost mnohých z nich zpochybňována. Situaci 
také komplikuje skutečnost, že druh je vysazován i v současnosti, a to zejména v samičím 
klonu ‘Cotinifolia‘ s téměř okrouhlými listy (koblížek in hadinec & lUStyk 2014); z výsad-
by podél silnice také zjevně pochází další publikovaná lokalita v Krušných horách u Hory 

Obr. 1. Mapa známého rozšíření Salix myrsinifolia v jižní části Čech a přilehlých oblastech Bavorska a Hor-
ního Rakouska.
Fig. 1. Map of known distribution of Salix myrsinifolia in southern part of Bohemia (CZ) and adjacent 
Bavaria (DE) and Upper Austria (AT).
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Sv. Šebestiána a možná i u Svatošských skal v průlomovém údolí Ohře u Karlových Varů 
(obojí koblížek in hadinec & lUStyk 2014). Na druhou stranu se řada lokalit nachází v ob-
lastech s výskytem rašelinných a mokřadních biotopů, což odpovídá ekologickým nárokům 
druhu v oblastech hojnějšího a jasně přirozeného výskytu. 

Dosud známý výskyt vrby černající v jižní části Čech shrnul ekRt (2013). Po roce 2000 
se podařilo objevit několik nových lokalit druhu, zároveň ale nebyly známy aktuální a po-
drobné informace o dříve objevených lokalitách. V této práci uvádíme přehled všech zná-
mých lokalit vrby černající v jižní části Čech i výsledky našeho terénního průzkumu dříve 
uváděných lokalit. 

Metodika

V tomto článku uvádíme přehled herbářových položek vrby černající z jižní části Čech ulo-
žených v herbářích Jihočeského muzea v Českých Budějovicích (CB), Přírodovědecké fakul-
ty Jihočeské univerzity v Českých Budějovicích (CBFS), Národního muzea v Praze (PR) 
a Univerzity Karlovy v Praze (PRC). Dále jsme přehled doplnili o nedoložené záznamy z 
terénních zápisníků Stanislava Kučery (kučera 1992). Uvedeny jsou všechny herbářové 
položky Salix myrsinifolia ze studovaného území uložené ve výše zmíněných sbírkách a jsou 
uvedena jejich inventární čísla, pokud existují. Lokality jsou zařazeny do fytochorionů dle 
práce Skalický (1988) a do mapovacích polí, která odpovídají ¼ základního pole středoev-
ropského síťového mapování (ehRendoRfeR & hamann 1965). Souřadnice lokalit jsou zapsá-
ny v systému WGS 84 a byly odečteny z přístroje GNSS (Global Navigation Satellite Sys-
tem) nebo z www.mapy.cz.

Jednotlivé lokality jsou nejdříve uvedeny stručným komentářem, za nímž následuje se-
znam herbářových sběrů, které se k lokalitě vztahují. U dokladů, u nichž to bylo možné 
zjistit, je uvedeno pohlaví jedince. Pokud nebylo na herbářové etiketě zapsáno datum nálezu, 
je použita zkratka „s. d.“. Texty v hranatých závorkách v textu herbářových etiket jsou naše 
upřesňující informace o lokalitě. Akronymy herbářových sbírek odpovídají databázi Index 
Herbariorum (thieRS 2018). Nomenklatura syntaxonů je uvedena podle Vegetace České re-
publiky (chytRý 2007, 2011) a nomenklatura taxonů podle práce danihelka et al. (2012). 
Vymezení území „jižní část Čech“ pro účely této práce je totožné s územím, pro které byla 
zpracována Červená kniha květeny jižní části Čech (lepší et al. 2013).

Vrba černající se od všech ostatních našich původních druhů vrb liší v počtu chromosomů 
(chmelař & koblížek 1990) – je hexaploidní (2n = 114), zatímco ostatní druhy jsou diplo-
idní (2n = 38) nebo tetraploidní (2n = 76). Díky tomuto rozdílu bylo možné potvrdit určení 
nově nalezených rostlin měřením velikosti genomu metodou průtokové cytometrie (měřeny 
čerstvě sebrané listy standardní dvoustupňovou metodikou, viz např. doležel et al. 2007, 
s fluorescenčním barvivem DAPI, jako standard byla použita sedmikráska, Bellis perennis). 
Informace o cytometrickém ověření stupně ploidie je uvedena v přehledu lokalit zkratkou 
„FCM“ (z anglického „flow cytometry“) za citací příslušné herbářové položky.

Přehled lokalit vrby černající v jižní části čech (obr. 1)
Pravděpodobně	původní	lokality
Knížecí Pláně a okolí (88b. Šumavské pláně, 7047b), obr. 2–4
Vrbu černající našel u Knížecích Plání J. Chmelař v roce 1961 (chmelař 1966), poté byla 
dokladována ještě S. Kučerou v letech 1974 a 1983 ze dvou až tří míst. Nám se podařilo ji 
ověřit v letech 2015 a 2016 na dvou lokalitách. První leží u bývalé osady Chaloupky západně 
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Obr. 2. Herbářový doklad Salix myrsinifolia z opuštěné vlhké louky cca 1,3 km zjz. od restaurace v Kníže-
cích Pláních na Šumavě z roku 2015. 
Fig. 2. Salix myrsinifolia specimen from abandoned wet meadow ca. 1.3 km WSW of the restaurant in the 
Knížecí Pláně settlement (Bohemian Forest) from 2015. 
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Obr. 3. Herbářový doklad Salix myrsinifolia z opuštěné a křovinami zarůstající rašelinné louky cca 740 m 
ssv. od bývalého kostela v Knížecích Pláních na Šumavě z roku 2016.
Fig. 3. Salix myrsinifolia specimen from abandoned peaty meadow ca. 740 m NNE of the former church in 
the Knížecí Pláně settlement (Bohemian Forest) from 2016.
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Obr. 4. Herbářový doklad Salix myrsinifolia z opuštěné a křovinami zarůstající rašelinné louky cca 720 m 
ssv. od bývalého kostela v Knížecích Pláních na Šumavě z roku 2016.
Fig. 4. Salix myrsinifolia specimen from abandoned peaty meadow ca. 720 m NNE of the former church in 
the Knížecí Pláně settlement (Bohemian Forest) from 2016.
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od bývalého kostela, kde roste jeden mohutný rozlomený starý keř (pravděpodobně spíše 
dožívající a bez výrazné obnovy koruny) v mozaice mokrých luk, pramenišť a porostů dal-
ších druhů vrb (Salix aurita, S. caprea). Druhá lokalita je asi 1 km vzdálená a leží asi 720–
740 m ssv. od bývalého kostela. Vyskytují se na ní dva keře ve vzdálenosti asi 25 m. Oba 
rostou na okraji rozsáhlého porostu rákosu obecného, který přerůstá ostřicovo-rašelinnou 
enklávu. První, víceméně košatý keř je asi 5 m vysoký, druhý je nevelký, vysoký jen asi 
2,5 m. Oba keře zčásti prosychají, ale je patrná i obnova pomocí výmladků. Je pravděpodob-
né, že se jedná o stejné exempláře nalezené S. Kučerou. 
Herbářové doklady: Čechy, Šumava, rašeliniště u Knížecích Plání, 1000 m (leg. J. Chmelař 26. 6. 1961 CB 
52642). – Knížecí Pláně: rašelinné pastviny v nivě potoka u zaniklé osady Chaloupky, cca 0,5 km Z koste-
la (leg. S. Kučera 6. 9. 1974 CB 13921, 13922, 13923, 13924). – ♀ Knížecí Pláně, potok na Chaloupkách (leg. 
S. Kučera 5. 5. 1983 CB 13776, 13777, 13778). – Knížecí Pláně: wet abandoned meadow ca 1.3 km WSW of 
restaurant, 48°57'12,1''N, 13°36'31,4''E (GNSS), cca 990 m n. m., one old and large ca 7 m high shrub (not. 
M. Štech a kolektiv Jihočeské pobočky ČBS, leg. M. Lepší & P. Lepší 27. 6. 2015 CB 84167), FCM, obr. 2. 
– Knížecí Pláně, (rozsáhlé) pramenné mokřiny v pastvinách, cca 0,4 km SSV kostela (leg. S. Kučera 3. 9. 
1974 CB 13925, 13926, 13927, 13928, 13929). – ♂ Knížecí Pláně, pram.[prameništní] močál (střelnice) (leg. 
S. Kučera 5. 5. 1983 CB 13773, 13774, 13775). – Knížecí Pláně: Sphagno-Caricion canescentis ca. 740 m 
NNE of former church in village, 48°57'28.9''N, 13°37'13.6''E (GNSS), 1010 m a.s.l., shrub ca. 2.5 m high 
(leg. P. Lepší et al. 7. 9. 2016 CB 84375), FCM, obr. 3. – Knížecí Pláně: Sphagno-Caricion canescentis ca. 
720 m NNE of former church in village, 48°57'28.1''N, 13°37'13.8''E (GNSS), 1010 m a.s.l., shrub ca. 5 m 
high (leg. P. Lepší et al. 7. 9. 2016 CB 84374), FCM, obr. 4.

Borová Lada (88b. Šumavské pláně, 6947d), obr. 5
U Chalupské slati u Borových Lad sbíral vrbu černající v roce 1983 S. Kučera. V roce 2016 
jsme na lokalitě našli jeden mohutný starý keř na západním okraji rašelinného komplexu na 
okraji prameniště v mokré louce. Keř byl asi 7 m vysoký a v bezprostředním okolí jsme 
pozorovali kořenové výmladky anebo zahřížené postranní větve (asi 0,5 m vysoké). V pod-
rostu keře roste velký jedinec Ribes nigrum.
Herbářové doklady: ♂ Borová Lada, při Chalupské slati (leg. S. Kučera 5. 5. 1983 CB 13783, 13784, 13785, 
13786). – Nový Svět: edge of spring in wet meadows, W edge of Novosvětská slať bog, 49°00'31.1''N, 
13°39'23.8''E (GNSS), 920 m a.s.l., one large and old shrub (leg. M. Štech et al. 7. 9. 2016 CB 84376), FCM, 
obr. 5.

Okolí bývalé osady Zhůří (u Hartmanic) (88b. Šumavské pláně, 6845b, 6846a), obr. 6–7
V roce 1999 našli F. Procházka, J. Hadinec a P. Havlíček v prostoru Zhůří u Hartmanic na 
horním toku Křemelné jeden exemplář (pRocházka et al. 2001). Doklady, které by měly být 
uloženy v PL a PRC, se nám nepodařilo revidovat. V prvém případě doklad nebyl ani po 
opakované snaze nalezen a je možné, že se do PL nedostal (S. pecháčková, úst. sděl.). Druhý 
je zatím zařazen ve veřejně nepřístupných fondech PRC (J. hadinec, úst. sděl.). Lokalitu 
naposledy ověřili a dokladovali v roce 2014 M. Štech a T. Štechová. Lokalita se nachází na 
levém břehu Zhůřského potoka na okraji rašelinného komplexu jižně od silnice v prostoru 
zaniklé vesnice. Jedná se o jediný malý keř asi 1 m vysoký, poškozený okusem a pastvou. 
Tentýž rok se podařilo najít další lokalitu na severním úpatí Hadího vrchu v přírodní rezer-
vaci Zhůřská pláň ve vzdálenosti asi 2 km od předešlé lokality. Roste zde poměrně mohutný, 
zhruba 5 m vysoký vitální exemplář na suchém okraji smrkového lesa pod rašelinnými lou-
kami.
Herbářové doklady: Keply (u Hartmanic): Zhůří, na levém břehu Zhůřského potoka na okraji rašelinného 
komplexu jižně od silničky v prostoru zaniklé vesnice cca 90 m jz. od soutoku Zhůřského potoka s Křemel-
nou, 49°10'27,7''N, 13°19'59,4''E (GNSS), cca 880 m n. m., 1 malý keř (cca 1,5 m vysoký) (leg. M. Štech & 
T. Štechová 11. 10. 2014, CB 85489), obr. 6. – Zhůří, Hadí vrch, okraj nelesní enklávy zaniklé osady v PR 
Zhůřská pláň, cca 550 m sev. od kóty Hadí vrch (1021 m), 49°11'29,5''N, 13°20'14,6''E (GNSS), cca 980 m 
n. m., 1 mohutný a vitální keř (leg. M. Štech & T. Štechová 20. 9. 2014 CBFS, CB 85490), FCM, obr. 7. 
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Obr. 5. Herbářový doklad Salix myrsinifolia z okraje lučního prameniště na záp. okraji Novosvětské slati 
u Borových Lad na Šumavě z roku 2016.
Fig. 5. Salix myrsinifolia specimen from the edge of meadow spring community in the western margin of the 
Novosvětská Slať bog close to the Borová Lada village (Bohemian Forest) from 2016.
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Zadní Zvonková (88g. Hornovltavská kotlina, 7249d), obr. 8
Vrbu černající našel na rašelinných loukách pod Zadní Zvonkovou S. Kučera v roce 1975 
(pRocházka 1990). V roce 2016 jsme lokalitu navštívili, ale nepodařilo se nám vrbu najít. 
Není ovšem vyloučeno, že se na lokalitě nebo v blízkém okolí dosud vyskytuje. Louky pod 
silnicí jsou sice odvodněny a lokalitou protékající Hamerský potok je částečně napřímen, ale 
severovýchodním směrem (zhruba 1,2 km sv. od kostela v Zadní Zvonkové, mimo S. Kuče-
rou udávaný výskyt) jsou dobře zachovalé mokřadní biotopy na velkých rozlohách, kde je 
výskyt vrby černající možný (zde byl průzkum proveden pouze orientačně).
Herbářový doklad: ♀ Zadní Zvonková, rašelinné louky v úvalu malého potoka pod silnicí, cca 0,8 km SV 
od kostela (leg. S. Kučera 28. 5. 1975 CB 13854, 13855, 13856, 13857), obr. 8.

Slavkovice u Černé v Pošumaví (37l. Českokrumlovské Předšumaví, 7250d), obr. 9 
V prostoru mezi Černou v Pošumaví a Slavkovicemi našla vrbu černající v roce 1961 
D. Blažková, poté byla lokalita ověřena S. Kučerou v roce 1989. Na exkurzi v roce 2016 jsme 
našli jeden odumírající asi 6 m vysoký stromový exemplář ve stinném smrkovém lese. Vět-
šina spodních větví byla bez listů a pravděpodobně již odumřelá, pouze nejvyšší větve 
měly listy. pRocházka (1990) usuzuje, ovšem bez bližšího komentáře, na výsadbu; domní-
váme se však, že lokalitu lze podle charakteru výskytu považovat za pravděpodobně přiro-
zenou.

Obr. 6. Herbářový doklad Salix myrsinifolia z okraje rašelinné enklávy na levém břehu Zhůřského potoka 
v prostoru zaniklé vesnice Zhůří na Šumavě z roku 2014.
Fig. 6. Salix myrsinifolia specimen from the edge of peaty area at the left-hand bank of the Zhůřský Potok 
stream in the former Zhůří village (Bohemian Forest) from 2014. 



232

Obr. 7. Herbářový doklad Salix myrsinifolia z okraje lesa na severním úpatí Hadího vrchu u zaniklé vesnice 
Zhůří na Šumavě z roku 2014. 
Fig. 7. Salix myrsinifolia specimen from the edge of forest at northern foot of the Hadí Vrch hill close to the 
former Zhůří village (Bohemian Forest) from 2014. 
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Obr. 8. Herbářový doklad Salix myrsinifolia z rašelinné louky cca 0,8 km sv. od kostela v Zadní Zvonkové 
na Šumavě z roku 1975. Výskyt druhu na lokalitě se v roce 2016 nepodařilo ověřit.
Fig. 8. Salix myrsinifolia specimen from peaty meadow ca. 0.8 km NE of the church in the Zadní Zvonková 
village (Bohemian Forest) from 1975. We did not confirm the occurrence of the species at this locality in 
2016.
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Herbářové doklady: Černá v Pošumaví, východně od obce, záp. pod kótou 726 – smrkový les v široké úžla-
bině (leg. D. Blažková 22. 8. 1961 CB) [nadmořská výška kóty je uvedena chybně a vztahuje se podle spe-
ciální mapy 3. vojenského mapování v měřítku 1 : 75 000, kterou nálezkyně patrně použila, k Černé v Po-
šumaví]. – Černá v Pošumaví, Slavkovice, niva potoka poblíž osady (leg. S. Kučera 26. 6. 1989 CB 22307), 
obr. 9. – Černá v Pošumaví: Slavkovice former village, planted spruce forest along Černý potok stream, ca. 
660 m SW of house in former village, 1 old and dying tree, ca. 6 m high, 48°44'12''N, 14°07'30''E (GNSS), 
740 m a.s.l. (leg. J. Janáková, P. Lepší et M. Štech 27. 9. 2016 CB 103203), FCM.

Pohoří na Šumavě (89. Novohradské hory, 7454a), obr. 10
U Pohoří na Šumavě našel vrbu černající v roce 2003 M. Lepší. Lokalita byla publikována 
bez podrobnějších údajů v práci lepší & lepší (2004), přinášíme tedy přesnou lokalizaci 
nálezu. Vrba zde roste v lese vzniklém na místě rozvalin samot bývalé obce Pohoří na Šu-
mavě v blízkosti hranic s Rakouskem. Vrba černající se tam vyskytuje ve dvou samičích 
exemplářích; první je 5–6 m vysoký šestikmenný keř s obrážejícími výmladky, druhý je až 
8 m vysoký keř s asi 15 kmeny, které mají 5–10 cm v průměru a časté výmladky. Oba rostou 
asi 5 m od sebe v silně podmáčené rašelinné světlině (na prameništi), která z části samovol-
ně zarůstá a z části je osázena smrkem a olší lepkavou. Perspektiva obou keřů není veliká, 
oba jsou poškozovány zvěří a zastiňovány okolními dřevinami (Salix aurita, Picea abies).
Herbářové doklady: Pohoří na Šumavě (u Pohorské Vsi): cca 1,4 km jv. od kostela, rašelinná louka nedaleko 
rozvalin, 48°35'41,3''N, 14°42'29,7''E (GNSS), 940 m n. m. (leg. M. Lepší 12. 6. 2003 CB 38786), obr. 10. – 
♀ Pohoří na Šumavě (distr. Český Krumlov), forest ca. 1.34 km SE of church in village, Calthenion with 
scrubs and planted trees, 6–8 m high ex., polycormon with 15 trunks up to 10 cm in diameter and with 
frequent sprout shoots, 48°35'40''N, 14°42'30''E (GNSS), 940 m a.s.l. (leg. P. Lepší 13. 8. 2017 CB), FCM. 
– ♀ Pohoří na Šumavě (distr. Český Krumlov): forest ca. 1.34 km SE of church in village, Calthenion with 
scrubs and planted trees, 5–6 m high ex., 6 trunks up to 10 cm in diameter with frequent sprout shoots, 
48°35'40''N, 14°42'30''E (GNSS), 940 m a.s.l. (leg. P. Lepší 13. 8. 2017 CB), FCM.

Okolí rybníka Svět u Třeboně (39. Třeboňská pánev, 7054a nebo 7054b)
Od rybníka Svět v Třeboňské pánvi uvádí samičího jedince vrby černající chmelař & kob-
lížek (1990) s tím, že na lokalitě byl vysazen také pestíkový klon. Podrobnější informace 
o této lokalitě nám nejsou známy, může se jednat o údaj o pěstovaných rostlinách (srov. 
níže).

Lokality,	na	nichž	byla	vrba	černající	pěstována	nebo	zplaněla
Doklady o prokazatelně pěstovaných jedincích vrby černající pocházejí z různých míst jižní 
části Čech. Jde o zahrady u zámku Ohrada u Hluboké nad Vltavou, v Jindřichově Hradci, 
botanickou zahradu v Táboře (obr. 14), okraj města Kaplice, okraj vsi Pasovary u Českého 
Krumlova a Opatovický rybník u Třeboně. Dvě posledně zmíněné lokality by mohly působit 
dojmem přirozeného výskytu, ale druh byl na nich vysazen. V případě lokality u Pasovar to 
je zřejmé z poznámky J. Chmelaře (který lokalitu osobně navštívil) na herbářové etiketě 
sběru V. Chána (viz níže a obr. 11). Vrba černající u Opatovického rybníka byla již samot-
ným nálezcem, A. Weidmannem, považována za pěstovanou (hoUfek 1952); její výskyt tam 
již dávno zanikl (kURka 1959, chmelař 1966, obr. 13). Lokalita u Kaplice vznikla zplaně-
ním nebo přímo výsadbou, neboť ještě v roce 2005 rostlo několik keřů této vrby v liniové 
výsadbě asi 0,5 km proti proudu řeky. Pro adventivní výskyt svědčí i morfologický charakter 
jedince – jedná se o vysazovaný kultivar ‘Cotinifolia‘ (obr. 12). 
Herbářové doklady: 37l. Českokrumlovské Předšumaví, ♀ Pasovary (7251c): při okraji Pasovar, několik 
keřů (leg. V. Chán 1962 CB 52628; poznámka J. Chmelaře na herbářové etiketě: v terénu jsem si 8. 9. 1964 
ověřil, že jde o vysazený materiál), obr. 11. – 37n. Kaplické mezihoří, ♀ Kaplice (7253c): břehové porosty 
cca 600 m vjv. náměstí, levý břeh řeky Malše na vých. okraji města, 48°44'16,4''N, 14°30'07,3''E (GNSS), 
540 m n. m., jeden starý [v roce 2015 poničený keř] (leg. M. Lepší 22. 9. 2005 CB 50825, 29. 7. 2015 CB 
83854), cv. ‘Cotinifolia‘, obr. 12. – 38. Budějovická pánev, Hluboká nad Vltavou (6952d): v bývalé zahradě 
u lovčího zámku Ohrada u Hluboké n. Vlt., 394 m (leg. R. Kurka 8. 1950 CB 38069). – 39. Třeboňská pánev, 
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Obr. 9. Herbářový doklad Salix myrsinifolia z nivy potoka nedaleko osady Slavkovice u Černé v Pošumaví 
v Českokrumlovském Předšumaví z roku 1989. Výskyt druhu se na lokalitě podařilo ověřit v roce 2016.
Fig. 9. Salix myrsinifolia specimen from the stream alluvium close to the Slavkovice settlement (Český 
Krumlov district) from 1989. We confirmed the occurrence of the species at this locality in 2016. 
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Obr. 10. Herbářový doklad Salix myrsinifolia z rašelinné louky cca 1,4 km jv. od kostela v Pohoří na Šumavě 
v Novohradských horách z roku 2003. Výskyt druhu se na lokalitě podařilo ověřit v roce 2017.
Fig. 10. Salix myrsinifolia specimen from peaty meadow ca. 1.4 km SE of the church in the village of Pohoří 
na Šumavě (Novohradské Hory Mts.). We confirmed the occurrence of the species at this locality in 2017.
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♀ Třeboň (7054b): pod hrází Opatovického rybníka (leg. A. Weidmann 15. 5. 1889 CB 38071), obr. 13. – 
♀ Třeboň (7054b): pod hrází ryb. Opatovického (leg. A. Weidmann 19. 5. 1888 PR). – ♀ Třeboň (7054b), 
v parku u sv. Jiljí (leg. A. Weidmann 7. 6. 1884 PRC), cv. ‚Cotinifolia‘. – 42b. Táborsko-vlašimská pahorka-
tina, ♂ Tábor (6554c): bot. z. [botanická zahrada] (leg. Weselý 29. 4. 1954 CB 38065), obr. 14. – Tábor 
(6554c), botan. [botanická] zahrada (leg. R. Kurka 20. 5. 1993 CB 38066). – 67. Českomoravská vrchovina, 
Jindřichův Hradec (6855 nebo 6856): pěstov. [pěstovaná] v zahradě p. Albrechta (leg. R. Veselý 20. 9. 1953 
CB 38067), cv. ‘Cotinifolia‘.

Nejasné	údaje
V herbáři Jihočeského muzea je uložen doklad vrby černající lokalizovaný k Třeboni a sbí-
raný Steinerem. Není jasné, zda se vztahuje k lokalitě u Opatovického rybníka, rybníka Svět 
nebo jde o jinou lokalitu (může se jednat i o sběr rostliny pěstované ve městě, viz výše). 
V kartogramu B. Slavíka jsou obsazena také mapovací pole 6854 a 6954 (Slavík 1990), 
která zaujímají prostor přibližně mezi Veselím nad Lužnicí a Třeboní. Další údaj publikoval 
J. Dostál od Starého Města pod Landštejnem na Českomoravské vrchovině (doStál 1989). 
O původu těchto údajů se nám nepodařilo zjistit žádné informace.
Herbářový doklad: 39. Třeboňská pánev, Třeboň (leg. Steiner s. d. CB).

Mylné	údaje
Údaj od Žofínského pralesa (od výpusti bývalého Tisového rybníka) v Novohradských ho-
rách diskutovaný v práci lepší et al. (2007) pochází z terénního zápisníku S. Kučery z roku 
1971 (kučera 1992). V herbáři Jihočeského muzea se podařilo najít herbářový doklad k to-
muto údaji, jedná se však o Salix aurita (CB 13981). 

diskuze a závěr

Na některých lokalitách přirozeného charakteru se díky neopadaným jehnědám nebo časně 
sbíraným herbářovým položkám podařilo zjistit pohlaví jednotlivých rostlin. Zaznamenáni 
byli převážně samičí jedinci (celkem v pěti případech), pouze keře severně od Knížecích 
Plání jsou samčí (dva jedinci). Samčí jedinec je udáván také z Třeboňské pánve (chmelař & 
koblížek 1990). Obojí pohlaví bylo zaznamenáno i na lokalitách v kultuře, příp. vzniklých 
výsadbou. Je třeba však mít na paměti, že na rozdíl od většiny vrb může být část jedinců 
vrby černající oboupohlavná a pohlavnost se může během života jedince měnit (miRSki 
2016).

U všech jedinců analyzovaných pomocí průtokové cytometrie bylo potvrzeno, že jde 
o hexaploidní rostliny. To odpovídá údajům v literatuře a z jiných území (např. chmelař & 
koblížek 1990).

Morfologická variabilita zaznamenaných jihočeských rostlin není vysoká a všichni nale-
zení jedinci odpovídají nominátnímu poddruhu. Mezi pěstovanými exempláři byli pozoro-
váni kromě cv. ‘Cotinifolia‘ i jedinci odpovídající spíše rostlinám z přirozených lokalit.

V jižní části Čech roste vrba černající (na lokalitách, které považujeme za pravděpodobně 
původní) zejména na přechodových rašeliništích svazu Sphagno-Caricion canescentis 
a okrajích lučních pramenišť svazu Calthion palustris. Na takových místech se může dlou-
hodobě udržet, zatímco v zástinu (např. ve vysazené smrkové monokultuře na místě býva-
lých mokrých luk) coby světlomilná dřevina odumírá.

Vrba černající pravděpodobně nebyla v jižní části Čech častým druhem ani v minulosti, 
pro což svědčí absence herbářových i literárních dokladů a vzácný současný výskyt. Původ-
nost výskytu však zůstává do jisté míry nejasná, protože na lokalitách považovaných za 
přirozené vrba často roste v blízkosti zaniklých stavení a netvoří větší populace. Na druhou 
stranu lze předpokládat, že současný stav je jen posledním zbytkem původně hojnějšího 
výskytu poté, co byly mnohé mokřadní lokality v minulosti razantně odvodněny a intenziv-
ně obhospodařovány. 
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Obr. 11. Herbářový doklad Salix myrsinifolia vysazené u jižního okraje Pasovar v Českokrumlovském Před-
šumaví z roku 1962. Výskyt druhu se nepodařilo v roce 2016 ověřit.
Fig. 11. Specimen of cultivated Salix myrsinifolia at the southern edge of the former Pasovary settlement 
(Český Krumlov district) from 1962. We did not confirm the occurrence of the species at this locality in 
2016.
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Obr. 12. Herbářový doklad Salix myrsinifolia pravděpodobně vysazené nebo zplanělé v údolí Malše na 
okraji Kaplice v Kaplickém mezihoří z roku 2015.
Fig. 12. Specimen of probably planted or escaped Salix myrsinifolia from the Malše River valley near Kap-
lice town (Český Krumlov district) from 2015.
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Obr. 13. Herbářový doklad Salix myrsinifolia vysazené pod hrází Opatovického rybníka u Třeboně z roku 
1889. Výskyt druhu pominul.
Fig. 13. Specimen of planted Salix myrsinifolia from the Opatovický Rybník fishpond near Třeboň (Jindři-
chův Hradec district) from 1889. The occurrence of the species has already passed.
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Obr. 14. Herbářový doklad Salix myrsinifolia pěstované v botanické zahradě v Táboře z roku 1954. Výskyt 
druhu nebyl ověřován.
Fig. 14. Specimen of cultivated Salix myrsinifolia from the botanical garden in Tábor from 1954. We did not 
attempt to confirm the occurrence at this locality.
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V posledních několika letech jsme ověřili 9 jedinců z celkového počtu asi 10 jedinců ob-
jevených na pravděpodobně původních lokalitách za dobu výzkumu jihočeské květeny. Pro-
to lze vrbu černající řadit mezi druhy přirozeně vzácné a ohrožené a vyžadující pozornost 
ochrany přírody. Na téměř všech lokalitách, kromě lokality u Zhůří, jsme našli staré, mohut-
né (v některých případech dožívající) exempláře bez zjevného zmlazení. Je proto pravděpo-
dobné, že některé z ověřených lokalit v blízké budoucnosti zaniknou. Na většině z nich by 
byl vhodný managementový zásah, spočívající alespoň ve výřezu okolních, vrbu zastiňují-
cích dřevin. Jako vhodné opatření se také nabízí odběr vzorků všech 9 jedinců a jejich zařa-
zení do genofondových sbírek našich domácích dřevin (např. do VÚKOZ, v. v. i., v Průho-
nicích).

Z bavorského a hornorakouského pohraničí jsou známy dvě lokality navazující na jihočes-
ký výskyt. Na bavorské straně Šumavy je vrba černající udávána z úpatí Roklanu (pRocház-
ka et al. 2001), který je vzdálen asi 15 km od lokalit u Knížecích Plání. Z rakouské části 
Šumavy existuje údaj z mapovacího čtverce 7450b (okolí města Sankt Stefan am Walde; 
kRaml & lindbichleR 1997), což je území asi 20 km vzdálené od lokalit u Zadní Zvonkové 
a Černé v Pošumaví. Současný stav obou lokalit neznáme. V bavorské části Šumavy je druh 
také vysazován jako okrasná dřevina (např. na parkovišti u centra National Park Bayerischer 
Wald „Haus zur Wildnis“ v obci Ludwigsthal; not. M. Štech). Jihočeské lokality pravděpo-
dobně s blízkými nalezišti na bavorské Šumavě a v hornorakouském Mühlviertelu souvisejí 
a mohou mít společný původ (obr. 1). Je pravděpodobné, že při podrobném výzkumu vhod-
ných lokalit zejména na Šumavě budou nalezeny další výskyty. 

Poděkování.	Děkujeme Správě NP Šumava za umožnění výzkumu v I. zónách a kurátorům herbářových 
sbírek Národního muzea v Praze (PR) a Univerzity Karlovy v Praze (PRC) za umožnění studia herbářových 
položek. P. K. a M. Š. byli podpořeni projektem GA ČR č. 14-36079G (Centrum excelence PLADIAS). 
Publikace byla podpořena z Programu přeshraniční spolupráce Česká republika–Svobodný stát Bavorsko 
Cíl EÚS 2014– 2020, Interreg V projekt č. 26 „Silva Gabreta Monitoring – Realizace přeshraničního moni-
toringu biodiversity a vodního režimu“.
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Abstract
A three-week survey of window gnats was performed in the Šumava National Park in June 2016 and all 
records of Anisopodidae from the Czech part of the Bohemian Forest (Šumava) were summarised. Alto-
gether the data to six species in 187 specimens of Anisopodidae were analysed. The record of Sylvicola 
fenestralis (Scopoli, 1763) was the first finding for the Bohemian Forest. The studied area has the highest 
diversity of Anisopodidae in the Czech Republic.

Key words: distribution, faunistics, new records, Šumava Mountains

IntroductIon

Window gnats (Diptera: Anisopodidae) of the Šumava National Park and Protected Land-
scape Area (NP and PLA) in the Bohemian Forest (Šumava in Czech) have not been syste-
matically studied yet. Ševčík (2004) published the record of the rarest Czech species, Sylvi-
cola limpidus (Edwards, 1923). Later on, Dvořák (2014b) reported the presence of S. cinctus 
(Fabricius, 1787), S. punctatus (Fabricius, 1787), and S. zetterstedti (Edwards, 1923).

In 2016, beer traps were placed on the territory of the Šumava NP and PLA for the purpo-
se of faunistic study of window gnats. The results of this trapping survey are published 
in this study together with other published and unpublished data.

MaterIal and Methods

Twelve localities were studied in this survey using beer traps. They covered typical habitats 
(open, semiopen, forested) in the altitudes 785–1305 m a.s.l. in the Bohemian Forest, on the 
whole area of the Šumava NP, including its current buffer zone (Šumava PLA till 2016, 
Fig. 1). All the traps were managed by T. Lorenc and these sites are arranged as follows: 
locality – code of the mapping square, habitat, altitude, GPS coordinates, and dates of instal-
lation and recovery. 

Vysoké Lávky – 6846, sedge meadow, 835 m, 49°7'48.698" N, 13°22'39.522" E, 9–28 Jun 
2016.

Poledník – 6946, forest-free area on the top of Poledník Mt., 1305 m, 49°3'52.561" N, 
13°23'42.597" E, 9–28 Jun 2016.

Staré Srní – 6946, wet meadow with willow shrubs, 840 m, 49°5'4.468" N, 13°28'38.687" E, 
9–28 Jun 2016.

Filipova Huť – 6947, meadow with bushes, 1110 m, 49°1'51.039" N, 13°31'16.926" E, 
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7–28 Jun 2016.
Svinná Lada – 6947, Chalupská Slať peat-bog, peat-bog margin, 925 m, 49°0'7.668" N, 

13°39'1.655" E, 8–28 Jun 2016.
Březník – 7046, dead spruce forest, 1140 m, 48°58'6.580" N, 13°29'11.399" E, 7–28 Jun 

2016.
Bučina – 7047, montane meadow, 1175 m, 48°58'14.218" N, 13°35'53.094" E, 8–28 Jun 

2016.
Strážný – 7048, alderwood by a small pond W of the village, 830 m, 48°54'57.431" N, 

13°43'12.978" E, 8–28 Jun 2016.
Polka – 7048, wet meadow by a stream, 835 m, 48°56'42.918" N, 13°42'35.940" E, 8–28 

Jun 2016.
Volary – 7049, bushes behind a gas station, 785 m, 48°54'36.065" N, 13°52'20.120" E, 

8–28 Jun 2016.
České Žleby – 7148, forest margin, 875 m, 48°53'29.563" N, 13°47'52.967" E, 8–28 Jun 

2016.
Nová Pec – 7249, Plechý Mt., light gap in montane mixed forest, 1050 m, 48°47'11.936" N, 

13°51'43.413" E, 8–28 Jun 2016.
The used beer traps were very simple: a PET bottle of 1.5–2 litres was filled with 0.5 litre 

of lager beer. The opened traps were hung on a branch of tree or shrub and exposed at the 
localities studied (Fig. 1). The traps were emptied after ca. three weeks. For more details see 
Dvořák (2014a,b).

Fig. 1. All localities of Anisopodidae known from the territory of the Šumava NP and PLA in the Bohemian 
Forest. Violet stars: beer traps in 2016 (present survey); red circles: published records; blue squares: other 
unpublished records.
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The material was identified using Haenni (1997) and Söli & RinDal (2014). The voucher 
specimens are deposited in the collections of the Municipal Museum Mariánské Lázně, 
Czech Republic, if not stated otherwise.

results

Altogether five species and 66 specimens of window gnats were collected during the survey 
in June 2016 and records of other three specimens from previous studies are presented. Here 
we present these records along with all available data. All records are arranged as follows: 
(i) localities of systematic study using beer traps are named according to the list in Material 
and methods chapter and (ii) randomly received material locality – code of the mapping 
square, other collecting information provided by the collector, number of ♂♂ and/or ♀♀, 
collector.

Sylvicola cinctus (Fabricius, 1787)
Published data
Nová Hůrka – 6845; Rovina – 6846 (Dvořák 2014b).

New records
Poledník, 1 ♂, 12 ♀♀. Staré Srní, 1 ♂, 4 ♀. Filipova Huť, 3 ♀♀. Svinná Lada, 2 ♀♀. Březník, 
1 ♂, 9 ♀♀. Strážný, 3 ♀♀. Polka, 1 ♀. Volary, 6 ♀♀. České Žleby, 2 ♀♀. Nová Pec, 2 ♀♀.

In the studied area, this species prefers semi-open to forested habitats and was caught 
in 785–1305 m a.s.l. Dvořák (2014a) considered S. cinctus as a eurytopic species and 
Dvořák (2014b) noted the species to be often found in forests, while it seems rather rare 
in open stands.

Sylvicola fenestralis (Scopoli, 1763)
New records
Volary, 2 ♂♂, 1 ♀.

This species is such rarely collected in the Czech Republic that no habitat preferences 
could be stated.

Sylvicola fuscatus (Fabricius, 1775)
New records
Poledník, 1 ♂. Volary, 1 ♀.

Two records from open and semi-open stands confirmed the preference of similar stands, 
as Dvořák (2014a) has been published.

Sylvicola limpidus (Edwards, 1923)
Published data  
Jezerní Slať peat-bog – 6947 (Ševčík 2004).

The only record is known from the very cold mountain peat-bog.

Sylvicola punctatus (Fabricius, 1787)
Published data
Nová Hůrka – 6845; Rovina – 6846; Spálenec – 7049 (Dvořák 2014b).
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New records
Vysoké Lávky, 1 ♀. Bučina, 1 ♂, 8 ♀♀. Strážný, 1 ♀. Volary, 2 ♂♂.

Svojše – 6846, Dračí Skály rocks, 14–15 May 2015, light trap, 1 ♂, P. Heřman, leg.
Modrava – 6946, Rokytecká Nádrž dam, 16 Jun 2014, 1 ♀, J. Máca, leg. et coll.
Spálenec – 7049, 800 m, 48°56’ N, 13°57’ E, 10 Jul 1988, light trap, 1 ♂, M. Barták leg. et 

coll.
This species was recorded in open to semi-open stands only (as in Dvořák 2014a) in ca. 

800–1305 m a.s.l. Dvořák (2014b) noted the species to be predominant in forests and very 
commonly found (more than 90%) in open stands.

Sylvicola zetterstedti (Edwards, 1923)
Published data
Nová Hůrka – 6845; Rovina – 6846 (Dvořák 2014b).

New records
Poledník, 1 ♂.

This species was first recorded in the Czech Republic by Dvořák (2014a). In the Bohemi-
an Forest, the species was caught on two semi-open wet stands at ca. 900 m a.s.l. and on 
a deforested top area at 1305 m a.s.l.

Overall results
The data of four species in 118 specimens were published from the Šumava NP and PLA and 
the data of five species in 69 specimens are newly published in this study. Altogether the 
data of six species in 187 specimens of Anisopodidae were analysed. Two species were eu-
dominant: S. cinctus with 71.1% and S. punctatus with 23.5% of all specimens; the other four 
species were represented by 0.5–2.1% of specimens (Table 1).

From the new material, a single species was recorded on 12 localities and two species on 
one locality. In three cases, three species were caught on one locality; S. cinctus and S. zet-
terstedti were recorded in all three cases (Nová Hůrka, Poledník, Rovina). On the locality 
Volary, four species were caught: S. cinctus, S. fenestralis, S. fuscatus, and S. punctatus. One 
new locality of S. zetterstedti and the first records of S. fenestralis and S. fuscatus are the 
most interesting results of this survey.

Table 1. Overview of Anisopodidae specimens from both the published and unpublished sources known from 
the Bohemian Forest (Šumava NP and PLA).

Species Published Unpublished Total %

S. cinctus 28 ♂♂, 58 ♀♀ 3 ♂♂, 44 ♀♀ 31 ♂♂, 102 ♀♀ 71.1

S. fenestralis – 2 ♂♂, 1 ♀ 2 ♂♂, 1 ♀ 1.6

S. fuscatus – 1 ♂, 1 ♀ 1 ♂, 1 ♀ 1.1

S. limpidus 1 ♂ – 1 ♂ 0.5

S. punctatus 9 ♂♂, 19 ♀♀ 5 ♂♂, 11 ♀♀ 14 ♂♂, 30 ♀♀ 23.5

S. zetterstedti 3 ♂♂ 1 ♂ 4 ♂♂ 2.1

Total 41 ♂♂, 77 ♀♀ 12 ♂♂, 57 ♀♀ 53 ♂♂, 134 ♀♀ 100.0
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conclusIons

Six species of the family Anisopodidae have been recorded from the Czech Republic (Šev-
čík 2009, Dvořák 2014a) and all of them are recently known from the Bohemian Forest, 
with the new records of S. fenestralis and S. fuscatus in the present study. Thus this area has 
the highest biodiversity of Anisopodidae in the Czech Republic. In comparison, five species 
are known from the high altitudes of the Giant Mts. (Krkonoše Mts.) (Ševčík et al. 2009), 
from the Jizerské Hory Mts. and Ještědský Hřbet ridge (Dvořák & vonička 2015).
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Abstract
The presence of the endangered beetle Phloeostichus denticollis was confirmed at two sites (Liščí Hřbety 
near Kubova Huť and Zátoňská Hora Nature Reserve) in the Bohemian Forest (Šumava in Czech, Böhmer-
wald in German), Czechia. In total four individuals were captured by peeling the bark of sycamore maples. 
These are the first published records of P. denticollis from western and southern Bohemia. They confirm 
the importance of old sycamore maples for this rare species and suggest its possible association with the 
fungus Hymenochaete carpatica.

Key words: Coleoptera, Phloeostichus denticollis, faunistics, Šumava Mts., Czech Republic 

IntroductIon

Phloeostichus denticollis W. Redtenbacher, 1842 is a rare species reported mainly from 
Europe (Kolibáč 2003, Vogt 1967). It has been recorded in France (Rose & Callot 2007), 
Germany (Reibnitz 1987, KlausnitzeR 2002), Denmark (stoltze & Pihl 1998), Poland (Ku-
bisz et al. 1998), Czechia (Kolibáč 2003), Slovakia (FRanC 2002), Switzerland, Italy, and 
Romania (hoRion 1960). P. denticollis is known also from the Caucasus (niKitsKy 1991) and 
from the Sikhotealin Range in eastern Siberia (KRiVolushKaya 1992). From Czechia, P. 
denticollis has been reported from the mountain ranges of the Moravskoslezské Beskydy 
Mts. (nohel 1970, Kolibáč 2003, Kula 2009, Weiss et al. 2016), Slezské Beskydy Mts. 
(Schlesische Beskiden in German; Wanka 1920), Orlické Hory Mts. (Mackovčin et al. 2002), 
the Broumovsko Protected Landscape Area, including the Čáp mount (Storchberg in Ger-
man; geRhaRdt 1910, haMet & VanCl 2016), the Hrubý Jeseník Mts. (Altvatergebirge in 
German), and the Kralický Sněžník Mts. (Glatzer Schneegebirge in German; geRhaRdt 
1910, hoRion 1960). Nearby finds across the border of Czechia have been reported from 
Wolibórz (Volpersdorf), the Góry Stołowe Mts. (Heuscheuergebirge in German) and the 
Góry Sowie (Bögenberge in German) near Świdnica in Poland (geRhaRdt 1910, hoRion 
1960), from several sites in the Bavarian Forest National Park in Germany (MülleR et  al . 
2007), and from one site in the Gratzener Bergland Mts. in Austria (MitteR 1998). So far, 
there were no published records from the Czech part of the Bohemian Forest (Šumava in 
Czech) or, more generally, from western and southern Bohemia. The bionomy of the species 
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is still unknown. Adults are rarely found under the bark scales of living sycamore maples in 
well-preserved beech–fir forests (VáVRa 2017). P. denticollis is classified as endangered in 
the Czech red list (VáVRa 2017).

MaterIal and Methods

Study	sites
The site of Liščí Hřbety (nearby Kubova Huť village, Kubohütten in German, 1014 m a.s.l., 
48°59' N, 13°43' E, Fig. 1) is situated in an old-growth beech-dominated forest interspersed 
with silver fir (Abies alba Mill.), Norway spruce (Picea abies L.), and sycamore maple (Acer 
pseudoplatanus L.). The vegetation was classified following ChytRý (2013) as a mesotrophic 
beech forest (Galio odorati-Fagetum sylvaticae Sougnez et Thill 1959).

The Zátoňská Hora Nature Reserve (nearby the village of Zátoň, 976 m a.s.l., 48°57' N, 
13°50' E) is situated in an old-growth beech-dominated forest interspersed with Norway 
spruce (Picea abies L.) and sycamore maple (Acer pseudoplatanus L.). Vegetation was clas-
sified following ChytRý (2013) as a eutrophic beech forest (Mercuriali perennis-Fagetum 
sylvaticae Scamoni 1935). The site was surveyed for the occurrence of selected ground beet-
le taxa by linhaRt et al. (2015), but a thorough inventory of beetle fauna in the nature reser-
ve is lacking.

Sampling	methods
Peeling of sycamore (Acer pseudoplatanus L.) bark was used in a targeted search for the 
given species. Five flight interception traps were also placed at each of the two sites to collect 
saproxylic beetle fauna, but no P. denticollis specimen was captured using this method. 

results and dIscussIon

We found four adults of Phloeostichus denticollis W. Redtenbacher, 1842 (Fig. 2) – Liščí 
hřbety: 8 June 2017, 1 specimen; 30 August 2017, 2 specimens; Zátoňská hora: 28 August 
2017, 1 individual; leg. et det. J. Procházka. All specimens were collected between one and 
two metres above ground under the bark scales on trunks of old living trees of Acer pseudo-
platanus in old-growth forests. Beetles are deposited in the Moravian Museum, Brno. At the 
Liščí Hřbety site, the fungus Hymenochaete carpatica Pilát 1930 from the order Hymeno-
chaetales (leg. et det. J. Běťák) was found under bark scales on the same maple tree as P. 
denticollis.  

The present records of Phloeostichus denticollis are the first ones from the Czech side of 
the Bohemian Forest (Šumava), although some entomologic surveys have been conducted in 
the area (e.g. heyRoVsKý 1923, FleisCheR 1925, boháč & Matějíček 2004, MáCa 2008). 
However, this rare beetle is known from Bayerischer Eisenstein, Albrechtschachten, Rachel, 
and Ruckowitzschachten at the Bavarian part of the mountain range (hoRion 1960, MülleR 
et al. 2007). There are no published records from the Upper Austrian part of the Bohemian 
Forest (Böhmerwald in German), but there is one from Rosenhof (MitteR 1998) in the Aus-
trian part (Freiwald) of the Gratzener Bergland Mts. (Novohradské Hory in Czech), adjacent 
to the southeast. Most of the Austrian records are from the Alps (hoRion 1960, MitteR 
1998).

The bionomy of P. denticollis is unknown (jelínek 2005). What is known is that it occurs 
under the bark scales of old living trees of Acer pseudoplatanus and rarely under the bark of 
Fagus sylvatica or under mosses covering trunks of these species (hoRion 1960, Vogt 1967). 
Rose & Callot (2007) ment ioned a find of P. denticollis under the bark of fir in Slovakia, 
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Fig.	1. Old sycamore maple (Acer pseudoplatanus), on which Phloeostichus denticollis was found at the site of 
Liščí Hřbety in August 2017.
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MitteR (1998) reported a find under the bark of larch in Austria. In our study, surprisingly, 
no individual was captured by flight interception traps operated in 2017 at these and several 
similar sites in the area, even though some individuals of P. denticollis have been collected 
by this trap type elsewhere (e.g. dodelin 2005, MülleR et  al . 2007, Rose & Callot 2007, 
Weiss et al. 2016). It was assumed that the beetle is active in winter or that it lives on syca-
more in winter and on beech in summer (J. VáVRa – pers. comm.). Our finding of living 
beetles in the late spring and summer together with the above-mentioned captures using 
flight interception traps and some of the records presented by hoRion (1960) show that the 
species is active during the vegetation season. Though adult beetles were mostly found over-
wintering under the sycamore bark scales, a trophic connection with sycamore maple is 
uncertain (J. VáVRa – pers. comm.). dodelin (2005) speculated about the connection of P. 
denticollis with decaying beech, but maples were also present at the locality. As his only 
individual was found in a window trap, no direct information about the biology of this spe-
cies could be obtained (dodelin 2005).

Our finding of P. denticollis under bark scales together with the fungus Hymenochaete 
carpatica suggests a possibility that the beetle might be feeding on its mycelia. However, 
further research is needed to learn about the feeding biology of P. denticollis. The fungus 
Hymenochaete carpatica is an inconspicuous, often overlooked species. It grows only on the 
bark scales of old live Acer pseudoplatanus and has not been found on any other host (toM-
šoVsKý 2001). Describing the bionomy of P. denticollis might prove difficult, as larvae are 
extremely rare and hard to identify (J. Kolibáč – pers. comm.). For instance, the larval spe-
cimen found by CRoWson in Slovenia and used in the interactive key by laWRenCe et al. 
(1999), as well as the two larvae described as P. denticollis by Kolibáč (2003), were consi-
dered to be misidentified (lesChen et al. 2005). Larvae were described briefly by Weise 
(1897) from specimens collected from mossy bark of old maple trees. Morphological chara-

Fig.	2. Phloeostichus denticollis W. Redtenbacher, 1842, Zátoňská Hora Nature Reserve, August 2017.
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cters of the larva, collected by N.B. niKitsKy under the bark of maple, were described and 
compared with other Phloeostichidae by lesChen et al. (2005).  
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In memoriam Tomáš Soldán
*9 November 1951 – †13 August 2018

An outstanding entomologist Tomáš Soldán 
passed away in August 2018 after a short 
and unexpected illness at the age of 67. To-
máš travelled around the world, yet the Bo-
hemian Forest was his most favourite land-
scape close to his heart, which he liked to 
visit and explore. His work significantly 
contributed to the knowledge of biodiversi-
ty of aquatic biotopes in the Bohemian Fo-
rest. He even named a new mayfly, conside-
red as endemic species, Ecdyonurus 
silvaegabretae, in honour of these mounta-
ins.

Tomáš was born in Prague and, since his 
childhood, he was fascinated by insects, 
especially butterflies and beetles. That is 
why his study of systematic zoology and 
entomology at the Charles University was 
predestined. During his studies, he met im-
portant personalities of the Czech entomo-
logy who significantly influenced his next 
career. After graduation in 1975, he joined 
the Entomological Institute of the Czecho-
slovak Academy of Sciences, where he 
worked for 43 years of his professional life. 
Together with his mentor, Vladimír Landa, 
he studied the mayflies (Ephemeroptera) in 
the broadest sense, from morphology and 
taxonomy to ecology and faunistics. He has become a world-renowned and leading resear-
cher of Ephemeroptera, whose work culminated in the opus magnum, The Mayflies of Eu-
rope (2012), written together with his friend Ernst Bauernfeind. Tomáš described more than 
70 species of mayflies, while nine other species of aquatic insects were described by foreign 
colleagues in his honour and bear the patronymic name soldani. Nevertheless, his scientific 
scope was much wider. He dealt with the development and ultrastructure of insect gonads, 
influences of biologically active substances on insect reproduction, or participated in the 
development of the method of sterilization of male tse-tse flies, which was applied in several 
African countries. His footprint was also tracked in the field of hydrobiology, as he conduc-
ted long-term research of the biodiversity of streams in the Czech Republic and worked in 
several projects dealing with the assessment of the ecological status of streams.
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After moving to České Budějovice in 1979, Tomáš became more intensely engaged in the 
research of aquatic ecosystems in South Bohemia and the Bohemian Forest. Since 1991, he 
also was one of the first lecturers at the newly founded Faculty of Science of the University 
of South Bohemia. His long-term study of aquatic insects in various aquatic habitats in the 
Bohemian Forest and elsewhere brought the knowledge on biodiversity and species distribu-
tion and, in particular, unique data for evaluating long-term changes in biodiversity of stre-
ams and lakes. These data have been increasingly valuable over time as they describe aqua-
tic biotopes prior to recent anthropogenic interventions. As one of the first scientists, he 
participated in long-term research on the recovery of the Bohemian Forest lakes from acidi-
fication, which currently benefits from historical data collected by several generations of 
scientists. In his monographic study (Silva Gabreta, 2012), he summed up all the knowledge 
on aquatic insects of the Bohemian Forest lakes. He often invited young colleagues and 
students to participate on the field work in the Bohemian Forest and, thus, a number of stu-
dies in the Bohemian Forest began as a field trip with Tomáš. In recent years, he participated 
in the research of restored streams in the Vltavský Luh.

Tomáš Soldán wrote more than 300 scientific publications, but their list and description 
can hardly capture their author’s personality. Tomáš was a well-educated and friendly man, 
who travelled over dozens of countries and inspired many followers by his range of knowled-
ge and experience. He was a passionate collector of mayflies, who is remembered first of all 
as the man in rubber boots with a metal strainer collecting mayflies in the middle of the ri-
ver. He always amused people around him with his unrepeatable sense of humour, so we will 
really miss his jokes, “heroic stories”, and bon mots.

Jindřiška Bojková


	Snímek 1



