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[s the Hydrological Balance in Forest
Catchment Areas Influenced More by
Climatic or Vegetation Drivers?

Jakub Hruska, Filip Oulehle a Anna Lamacova

Between 2014 and 2019, Central Europe ex-
perienced unprecedented drought and heat.
However, what was an unpleasant episode for
most people and for ecosystems made it possible

A new forest after the European spruce bark beetle (Ips typograhus) outbreak at PleSné jezero Lake, the
Sumava/Bohemian Forest Mts. © Filip Oulehle

Climate change

The Central Europe climate is characterized by
a long-term increase in temperatures (Fig. 1) and
a large variability in precipitation totals (Fig. 2), in
which, however, no statistically significant trend
can be found. Temperatures from Prague’s Clem-
entinum observatory (Czech Hydrometeorological
Institute data) from 1844—2019 show a rise in the
second half of the 20" century (Fig. 1). The ob-

served increase in temperature is about 1.5-2.0 °C
from the early 1960s to the present. Precipitation
(Fig. 2) does not change much but it does show
great variability. If we look at the five-year precip-
itation averages, we find that a very dry "five-year
period" was recorded in the 1860s, even drier than
2014-2018. The then catastrophic drought, when
springs dried up and the harvest failed, is also
mentioned in chronicles from that period.

to answer some questions related to the hydro-
logical regime in the Czech Republic’s landscape
and, together with climate models, to outline the
expected future.

If precipitation does not change for a long time
and the temperature rises, the landscape dries
up. The best theoretical concept of the intensity of
the drying can be given by the calculation of po-
tential (baseline/benchmark) evapotranspiration
— this indicates how much water would evaporate
from the landscape with standard vegetation as
physical evaporation of water (evaporation) and
transpiration (respiration) of plants. Furthermore,
the quantity is potential — it is calculated for ideal
conditions, where the plants always have enough
water available for maximum transpiration. Poten-
tial evapotranspiration is then only a function of
temperature and air humidity, the total precipita-
tion does not matter. Potential evapotranspira-
tion (in this case, calculated according to Ivanov)
has significantly increased at Prague’s Clemen-
tinum observatory since 1844, when the measu-
red air humidity is available (Fig. 2). While in the
19" century this was about 700mm, in the
20" century it increased to 800-900mm.
However, it has grown dramatically in the last
three decades — now about 1200 mm. While pre-
cipitation did not change, temperature-accele-
rated potential evapotranspiration increased by
about 50% as the temperature increased.

Hydrological balance in forest
catchment areas

While long-term data from the Clementinum ob-
servatory mainly show climate change, the eco-
system change of the water cycle in the last three
decades is shown on the water balance in small
forest catchment areas. The Czech Geological
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Figure 1: Average annual air temperatures in Prague’s Clementinum observatory, 1844—2019

(CHMI data). Prepared by Filip Oulehle.

Survey, in cooperation with the Institute of Glo-
bal Change Research of the Czech Academy of
Sciences (CAS) and other institutions (especially
the Czech Hydrometeorological Institute, Forest-
ry and Game Management Research Institute,
Institute of Hydrodynamics of the CAS, Institute
of Geology of the G CAS, and the Czech Tech-
nical University) operates and monitors a globally
unique network of small river catchment areas
(GEOMON) in mountain and foothill areas in the
Czech Republic (Fig. 3). As it is now, the network
has been in operation since 1994 (Oulehle et al.
2017). The river catchment areas are small (25-
300 ha), concentrated in sensitive spring areas
with homogeneous geological subsoil, and are
forested, without agriculture or built-up areas.
Thus, they allow the study of a relatively natural
hydrological cycle.

The network consists mainly of commercial for-
est stands with a predominance of the Norway
spruce (Picea abies) from about 450 m above sea
level (a.s.l.) to mountainous locations with an av-
erage altitude of 760m a.s.l. The network does
not include forests with access to shallow
groundwater resources (floodplain forests).

Precipitation total and the amount of
rainfall on forest soil

Evaporation from the ground into the atmos-
phere is called evapotranspiration (ET) and, in
a hydrogeologically well-defined river catch-
ment, we can relate evapotranspiration to bal-
ance evaporation, which is given as the differ-
ence between precipitation and runoff (Ward
and Robinson, Fendekova et al. 2018, Kram
2019). Average precipitation in the studied forest

Figure 2: Annual precipitation (1844—2020), its five-year average, and potential evapo-

transpiration (1844—2019), Clementinum observatory, Prague (precipitation data from CHMI)

catchment areas ranges from 600 to 1800 mm
per year, while total precipitation increases
non-linearly with the altitude and increases on
average by about 140mm per year per 100m
in height. A part of the total evaporation in for-
ests outside the direct evaporation from the soil
is interception — capture and then evaporation
of precipitation from the surface of trees (Klimo
1989, 1990, Ward and Robinson 1990, Cerny et
al. 2014). Only in the highest altitudes can cap-
ture of precipitation by trees (trapped fog and
frost) be higher than interception losses, in which
case more water falls onto the surface of the for-
est soil than in places without trees (Kopacek et
al. 2020). In the vast majority of forests in the
Czech Republic, however, the amount of precip-
itation is reduced by interception directly in the
treetops. Long-term data show (Fig. 4) that inter-
ception in spruce forests in the Czech Republic
is about 240mm per year and decreases only
very slowly with increasing altitude. Simultane-
ously, it is evident that the reduction of precipita-
tion by interception is relatively most significant
at lower altitudes; in our case, in forests around
500m a.s.l., precipitation is reduced by 250 mm
per year (i.e., by 40%).

A limited number of measurements of throughfall
precipitation in beech stands (four river catchment
areas) suggests that interception losses are lower
in beech forest. The difference in interception be-
tween coniferous and deciduous broad-leaved
stands is mainly due to reduced interception by
the former in winter. In connection with the in-
fluence of stand structure on the amount of pre-
cipitation falling on the forest soil, it is necessary
to mention precipitation captured by vegetation

and flowing to the soil surface along the trunk
(stemflow). This phenomenon is negligible in
spruce forests, but in beech stands it can be an
important source of water for forest soils (especial-
ly due to the architecture of the crown).

Transpiration and runoff of water
from a catchment area

Physiological evaporation (ie., transpiration) is
the loss of water from a plant and is very close-
ly related to photosynthesis and nutrient intake.
Although direct transpiration losses by vegetation
are not measured, its estimate will be close to the
difference between the amount of water falling
on the soil surface and measured surface runoff.
In our conditions, when average forest cover of
the studied river catchment areas reaches about
80%, average transpiration is 320 + 60mm per
year. However, the value also includes direct evap-
oration from the soil, so actual transpiration will
be slightly lower. Derived transpiration in forest
catchment areas correlates with average annual
temperature (Fig. 5). This relationship also shows
that for each degree of average annual temper-
ature the requirements for transpiration increase
by about 40mm. Evapotranspiration, including
physical and physiological evaporation, is an aver-
age of 510 £ 90 mm per year for forest catchment
areas in the Czech Republic (i.e., 60% of average
annual precipitation).

In connection with climate change, the most
striking phenomenon is the continuous increase
in average annual air temperature. At medi-
um altitudes (about 450-800m a.s.l.), the years
2014-2018 were more than 2 °C warmer than
the long-term average in 1961-1990 (5.4 °C). The
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Figure 3: Location of the GEOMON network forest catchment areas, Czech Hydrometeorological Instutute
weather stations, and the Nacetin research area in spring areas of the Czech Republic (average catchment area

altitude 760 m a.s.l.). Prepared by Filip Oulehle

trend in the amount of precipitation for the indi-
vidual years is not conclusive, mainly due to the
high year-on-year variability in precipitation totals.
Nevertheless, average precipitation in 2014-2019
was on average 14% lower compared to 25 years
ago, when river catchment area monitoring be-
gan. Lower annual precipitation totals in combina-
tion with higher temperatures resulted in a signif-
icant decrease in flows, which in 2014-2019 was
42% lower than the average for the same length
period 1994-1999 (Fig. 6).

The decrease in flows was due to a reduction in
the input of precipitation into the river catchment
area and higher demands on evapotranspiration.
It increased by an average of 55mm, with a tem-
perature increase of 1.4 °C. This value agrees with
relationship between transpiration and annual
average air temperature derived from the tem-
perature gradient of the studied river catchments.
Simultaneously, this transpiration increase was
recorded in catchment areas above 600m a.s..
In forests below 600m a.s.l., transpiration even
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decreased in 2014-2018 compared to the long-
term average because of withering of stands due
to low availability of water in soil. In these areas,
the situation was critical for small streams, where
natural demands for evaporation were already
close to or even exceeding annual precipitation
totals. Simultaneously, the year-on-year decrease
in precipitation and increase in temperature may
increase evaporation to such an extent that the
situation may result in periodic drying of forest
streams (Fig. 7). This is often preceded by a drop
in the groundwater level, as it is able to temporar-
ily subsidize the basic minimum flow.

However, the studied forest catchment areas
have a relatively small groundwater supply. Ac-
cording to research using the natural stable ox-
ygen isotope ™0, the average water retention
period in a river catchment area is in months and
the mobile water supply in a river catchment area
is in the low hundreds of mm (Buzek, unpublished
data). Therefore, groundwater in the river catch-
ment areas (mainly on crystalline rocks at me-
dium and higher altitudes) is not able to further
subsidize surface runoff for a long time — a rapid
decrease in flows usually occurred in the year
following a year with relatively lower precipitation
compared to the long-term average.

Commercial forest decline and
influence on the hydrological
balance

Water evaporation from vegetation (transpiration)
is the main way water evaporated from continents
returns to the atmosphere (Jasechko et al. 2013).
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Figure 4: Relationship between annual total precipitation in open areas (outside the forest) and
sub-crown precipitation (total precipitation in forest stand) for spruce stands. The difference is
equal to interception losses (evaporation in the treetops). Prepared by Filip Oulehle

Figure 5: Relationship between average annual transpiration (with proportion of evaporation
from the soil) on average annual air temperature in the river catchment area. Data include
river catchment areas with current forest cover higher than 70%. Prepared by Filip Oulehle
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Figure 6: Changes in annual runoff in forest catchment areas of the GEOMON network.
Average annual runoff for the period 1994-1999 and 2014-2019. Prepared by Filip Oulehle

Simultaneously, the share of evapotranspiration
in total precipitation is surprisingly stable globally,
reaching about 60-70% of total precipitation, re-
gardless of the ecosystem type. When an ecosys-
tem is disturbed, either naturally or artificially (e.g.,
by logging), the water cycle is disrupted; however,
acting feedback dampens extreme events, whe-
ther drought or floods. During the collapse of the
mature tree layer (especially coniferous stands),
in the vast majority of cases, interception de-
creases and the amount of water falling on the
forest soil surface increases, while transpiration
decreases. It is important to realize that transpi-
ration is a basic property in all vegetation, so the
decline in transpiration will be proportional to the
ecosystem's ability to replace this failure with veg-
etation caused by succession in disturbed are-
as (Janco et al. 2017). The undisturbed develop-
ment of subsequent vegetation, whether grasses,
shrubs, or pioneer tree species, thus becomes an
important element in water balance, as it very ef-
fectively replaces the transpiration of the original
forest (Orendk et al. 2014).

The phenomenon can be documented in the
Modravsky potok/Modrava Brook catchment
areainthe Sumava/Bohemian Forest Mts. Nation-
al Park (Hruska et al. 2015). In this catchment
area (92.7 km?), where the hydrological balan-
ce has been monitored since the early 1950s
(CHMI), there was a rather fundamental change
in vegetation cover after the declaration of the
National Park in 1992. In about one third of the
catchment area, mature forest underwent Eu-
ropean spruce bark beetle outbreak, and was
left to develop spontaneously without remo-
ving the dead tree biomass. In another third, the

forest was harvested within the fight against
bark beetle and replanted, and the remaining
third remained a living mature forest. Simulta-
neously, peat-bog restoration was carried out in
part of the brook catchment area, consisting of
the damming of drainage ditches. This mosaic
of various management measures had no effect
on the hydrological balance of the watercour-
se catchment area — no statistically significant
changes in annual runoff or evapotranspiration
were recorded (Fig. 8). The reason was that the
immediately emerging vegetation relatively quic-
kly increased interception of precipitation and
transpiration, and thus dampened the decline
in evaporation by the missing mature spruce
stands. The peat-bog restoration (and thus an in-
crease of water supplies in the catchment area)
probably also had an effect.

Another example is the hydrological balance of
several small river catchment areas (Uhlitskd
and Jizerka) in the Jizera Mountains, where the
spruce forest died in the 1980s due to acid dep-
osition and was harvested almost immediately.
There, runoff increased by about 10% in the short
term (2-3 years). After that, no change was appar-
ent compared to the situation before harvesting
due to air pollution. These river catchment areas,
in contrast to the Sumava/Bohemian Forest Mts.,
were felled and biomass was removed in about
80% of the catchment area. There too, however,
new vegetation (herbs) very quickly hydrological-
ly replaced the transpiration and interception of
dead commercial spruce.

In both cases, it was a change in the vegetation
structure under relatively stable precipitation

Figure 7: Hydrological balance of the Modravsky potok/Modrava Brook catchment
area in the Sumava/Bohemian Forest Mts. (1971-2019). CHMI data.

and temperature conditions. In contrast, re-
sults from the GEOMON catchment areas show
a relatively stable catchment cover, but signifi-
cant changes in precipitation and temperature.
The comparison clearly demonstrates that the
long-term hydrological stability of the Central
European forest landscape was until recently
very robust and the current influence of veg-
etation cover did not have much importance.
The role of the "favourable" forest influence on
runoff conditions has never been confirmed by
data, and the requirement of continuous cover-
age of the area with a "green" forest is not ab-
solutely necessary. Plant transpiration (which is
the main source of water evaporation into the
atmosphere, climate cooling, and contribution
to a small water cycle), acts very similarly both
in the forest and on other types of vegetation
(meadows, pastures). The decisive factor is the
amount of precipitation and the change in tem-
perature, not the type of vegetation. However,
it is obvious that the microclimate is much more
favourable in a landscape where green vegeta-
tion is present throughout the growing season
and, needless to say, that in built-up or poorly
farmed areas there is a (permanent/seasonal)
decrease in evaporation and thus the land-
scape loses its ability to cool naturally.

What to expect from climate change?
Climate models for Central Europe quite con-
sistently predict an increase in average temper-
atures with precipitation keeping as it is, or even
an increase in totals (e.g., Lamacova et al. 2018).
However, the extremization of precipitation will
be important in the future — especially higher
frequencies of large precipitation (floods and ex-
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Figure 8: Daily runoff from the Loukov forest catchment area in the Bohemian-Moravian Highlands, recorded from Novem-
ber 1994 to October 2019. Orange fields indicate dry periods without obvious surface runoff. Prepared by Filip Oulehle

Table 1: Changes in hydrological characteristics of the Modravsky potok/Modrava Brook catchment area.
Prepared on the basis of scenarios elaborated by Lamacova et a/ (2018)

1981-2010

2021-2050 2071-2100

Number of days with extreme precipitation* 63 86 97
Average annual number of days without precipitation 157 150 151
Average daily maximum flow (m?%s) 32 39 4

* number of days with precipitation higher than 48.9mm, which is 99% quantile of all days when it rained in the period 1981-2010

ceeding saturation capacities of river catchment
areas), but also an increase in the frequency
of periods with very low precipitation, and thus
also periods when there will be water short-
ages inriver catchment areas. It was the period of
2014-2019 that probably offered us a hydrologi-
cal excursion into the future. However, so far only
a "dry" variant without extreme precipitation.

Specifically, for the already mentioned Modra-
vsky potok/Modrava Brook catchment area, cli-
mate models (a combination of many scenarios
of climate change different levels) predict an in-
crease in the number of days with extremely high
precipitation (Tab. 1). Although in the thirty-year
control period (1981-2010) there was a total of
63 days with precipitation higher than 49mm
(99% quantile; ie, 1% of the highest precipita-
tion totals), for 2021-2050 it will increase to
86 days and for 2071-2100 to 97 days (ie., by
about a third). The number of days without pre-
cipitation will not change much. Alongside an in-
crease in the frequency of extreme precipitation,
there will be an increase in the maximum daily
flows, namely up to values of about 20-30% high-
er than those recorded so far (Tab. 1). Total pre-
cipitation totals will increase by about 10-15% for
the whole Czech Republic (Stépanek et al. 2019).

Thus, a combination of drought and short-term
high rainfall and floods can be expected. And,
in both cases, more extreme than we have been
used to. Both the extremes will occur regardless
of vegetation cover in a catchment area, which
will probably not change very much.

Conclusion

The current collapse of commercial forests (es-
pecially spruce) is a consequence of the low
ability of monoculture/plantation management
to cope with rapidly changing environmental
conditions, such as rising temperatures and in-
creased variability in the total and distribution
of precipitation. Forest production, obviously
and purposefully set to the conditions experi-
enced in recent centuries, has been reaching
its limits, especially in areas where the de-
mands for evaporation are close to the precipi-
tation amount. These areas can be roughly de-
fined in the range of altitudes 450-600m a.s.l.
Monoculture/plantation spruce management
leads to a reduction in the input of precipitation
into forest soil due to high interception losses
(up to 40% of precipitation loss when the rain
passes through a treetop) and to high transpi-
ration demands of forests primarily grown to
maximize biomass production there. Reducing
precipitation input, often combined with high-
er temperature, then results in drought stress
due to reduced soil moisture and groundwa-
ter levels, followed by reduced photosynthetic
activity in trees. At such sites, it is essential to
adapt forest management to conditions with an
expected increase in temperatures (increase
in transpiration requirements) and the possible
periodic occurrence of years with below-av-
erage precipitation. Growing and managing
structurally rich forests with a natural species
composition should reduce interception losses
and strengthen the use of available water in
the entire soil profile. This is best achieved by
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growing mixed forests with variable root zone
depth and varied crown architecture.

The landscape and water regime would great-
ly benefit from restoration of streams and their
floodplains, as well as restoration or building of
new wetlands. Drainage, with the aim to gain
productive land for growing trees, has been car-
ried out in forests since the end of the 18th cen-
tury. The water was more of an obstacle in the
forest. However, this situation is changing dra-
matically today, and rapid runoff of water from the
landscape is not desirable. Capture the expect-
ed large rainfall on the spot, and not guide and
direct it elsewhere. Dams are not known to pro-
tect against major floods, nor can they hold back
water. Wetlands and restored valley floodplains
will contribute to a better groundwater supply
which can then subsidize runoff and soil profile
for longer. The goal of current landscape protec-
tion should be to retain water in the places where
it has fallen, because only there can it provide
the landscape with water and keep it functional,
even under the conditions of expected and pro-
jected climate change. We must consider water
retention in the landscape context, and not as
a medium that has primarily economic functions.
Of course, we cannot do without drinking water;
however, reducing the water cycle to supplying
the population and industry with water would cer-
tainly be short-sighted and counterproductive.
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The Grey Wolf Management Programme in the
Czech Republic - An Introductory Presentation

Vladimir Dolejsky

“Presumption is our natural and original malady. The
most calamitous and fragile of all creatures is man,
and at the same time the proudest. He goes instal-
ling himself in his imagination that he makes himself
God’s equal, that he ascribes himself divine attributes,

Extermination of the wolf in the
Czech lands and Moravia

Before the mid-18" century, Grey wolf (Canis lupus)
numbers had dramatically declined and during the
reign of Maria Theresa of Austria, Holy Roman Em-
press and Queen of Bohemia (1740-1780), wolves
were rare. In 1747 the last wolf in the Novohrad-
ské hory Mts. was killed, in 1750 the last wolf in
the Brdy Hills, and in 1756 the last two wolves in
the Dominion of Vimperk. In Bohemia, wolves

survived for the longest time in the Dominion of
Krumlov, namely by 1795, thanks to its remotness.

In the 19" century, wolves were only exceptional-
ly captured in Bohemia (e.g. the Doupov Hills in
1825, near the castle of Opocno in eastern Bo-
hemia in 1837, in the Jizerské hory (Jizera Mts. in
1842 and 1866, in the Krkonose/Giant Mts. 1861,
near the town of Vimperk 1874). These were ap-
parently often migrating animals. The last wolves

The wolf has recolonized the Czech Republic. © Jaroslav Vogeltanz.

that he winnows himself and separate himself from
the mass of other creatures, determines the share
allowed the animals, his colleagues of faculties and
powers as seem good to him.”

(Montaigne, An Apology for Raymond Sebond).

in Bohemia were caught in the Sumava/Bohemian
Forest Mts.in 1874 and 1891. In both cases these
were also migrating animals.

The situation was different in Moravia, particularly
in the Beskydy Mts., where the Grey wolf occurred
much more frequently in the 19" century. There,
38 wolves were caught in 1815-1851, and after
1852 at least another three. The last historical re-
cords of hunted individuals in Moravia are known
from the Kouty Forest District in the Jeseniky Mts.
(1907), close to the Town of Zabreh (1908) and final-
ly from Cerveny Grur near Jablunkov from 2014.

From the first wolf return to the
present situation

The first wolf record in the Czech Republic after the
World War Il came from the surroundings of Staré
Mésto pod Snéznikem in northern Moravia in 1947.
Other documented records are from Stablovice in
the Opava region (1963) and Kuncice on Mt. Kralicky
Snéznik (1965). During the 1970s, a strong increase
in the number of records. i.e. shot animals, occur-
rence, observations, occurred. Migrating animals
appeared in the Sumava/Bohemian Forest Mts.
(1976), KrkonoSe/Giant Mts. (1977), Rakovnik region
in Central Bohemia (1988), and the Krusné hory/
Ore Mts. (2002). Observations and shot animals are
known from the Hruby Jesenik, Kralicky Snéznik
and the Bilé Karpaty/White Carpathians Mts.

Migration of individuals from the Carpathian wolf
population in Slovakia and Poland has led to the
situation that a group of wolves regularly has
been appearing in the border area of the Besky-
dy Protected Landscape Area (PLA) since 1995.



