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ABSTRACT

Stable isotopes are increasingly being used in many scientific fields, including environmental sciences. In this study we measured the variation 
in the stable hydrogen and oxygen isotope composition of fog water, rain water (in the form of bulk falling precipitation) and throughfall 
water in the Šumava (the Bohemian Forest), Krkonoše (the Giant Mts.) and Jizerské hory (the Jizera Mts.) Mts. in October-November 2017. In 
total, 46 cumulative two-week samples were collected and analysed. Our results indicate that the overall stable hydrogen and oxygen isotope 
composition of fog and rain samples differed significantly, fog being isotopically enriched in the heavier isotopes 2H and 18O relative to rain. 
In contrast to our assumption, throughfall water was generally depleted in the heavier isotopes 2H and 18O relative to rainwater. Hence, the 
simple mixing model for most samples yielded an unrealistic percentage outside the reasonable range of 0–100%. For few samples, however, 
the estimated contribution of fog to throughfall ranged between 3 and 8% based on δ2H and 4 and 7% based on δ 18O, which is lower than that 
estimated for the same mountain regions by other authors using different methods and significantly lower than that reported for mountain 
ranges in neighbouring countries. Although using stable isotopes is a promising tool for determining the contribution of fog to the hydrological 
budget when assessing atmospheric deposition, the critical limitations are in the collection, manipulation and storing of the samples.
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Introduction

Atmospheric deposition is important in contribut-
ing to the self-cleaning of the atmosphere while being 
a  significant source of pollution for the Earth surface 
(Amodio et al. 2014). It is comprised of wet, dry and 
occult deposition (Seinfeld and Pandis 2006). While 
the wet deposition in the form of falling precipitation 
(episodically in occurrence, related to rain and snow) 
is relatively easy to measure, dry deposition (occurring 
continuously via gases or aerosols) is much more diffi-
cult to quantify and occult deposition (i.e. fog and rime) 
is mostly not accounted for at all. It is widely accept-
ed, however, that an accurate quantification of the real 
atmospheric deposition flux is an essential prerequisite 
for linking it to its possible environmental effects. While 
the volume of rain or snow is fairly easy to determine, 
the water input of occult precipitation (deposition of 
fog and cloud droplets) and its contribution to mete-
oric water budget is mostly uncertain. It is well known 
that occult precipitation may play an important role in 
both water and ion inputs, particularly in mountain and 
coastal regions (e.g. Rogora et al. 2006; Schmid et al. 
2011; Blaš et al. 2012). Nevertheless, the occult depo-
sition is very difficult to measure and rarely recorded, 
and not included in regular monitoring networks (Sche-
menauer and Cereceda 1994).

Stable hydrogen and oxygen isotope composition of 
meteoric water is an elegant tool for studying different 
environmental processes (Sharp 2007; Šantrůček et al. 
2018). In particular, it is widely used in hydrology for 
studying the hydrological cycle and water budget (e.g. 
Soulsby et al. 2000; Votrubová et al. 2017; Zhan et al. 
2017). In addition, it has proved useful in climatology, as 
there are close relationships between climatically relevant 
meteorological variables, such as surface air temperature 
or moisture and stable hydrogen and oxygen isotope 
composition of precipitation (Rozanski et al. 1992; Ichi-
yanagi 2007). The isotopic approach is used in studies on 
fog, mostly for identifying its origin (Kaseke et al. 2018). 
In addition, it was successfully used to estimate the hy-
drological input of occult precipitation in atmospheric 
deposition (Dawson 1998; Scholl et al. 2007), as the sta-
ble isotope composition of local fog water differs signifi-
cantly from local rainwater (Fischer and Still 2007).

Fog plays a  significant role generally in the mainte-
nance of ecosystems (Weathers et al. 2020) and specifical-
ly in the CR, based both on direct measurements (Tesař 
et al. 2000; Bridges et al. 2002; Bridgman et al. 2002; Fišák 
et al. 2002; Křeček et al. 2017; Palán and Křeček 2018) 
and data-driven models (Hůnová et al. 2011, 2016), in 
which it substantially enhances total atmospheric depo-
sition of environmentally relevant substances, particular-
ly in mountain forested areas (Igawa et al. 2002; Lange 
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et al. 2003). Stable hydrogen and oxygen isotope compo-
sition of rain has been used in the CR to study the role 
of rain in the hydrological balance in small water catch-
ments (Šanda et al. 2011, 2019), whereas that of fog has 
not been measured.

The aim of this study, carried out at the Institute of 
Environmental Sciences (Hanusková 2018) was to mea-
sure the stable hydrogen and oxygen isotope composi-
tion of fog, rain and throughfall. We hypothesised that 
their isotopic compositions would differ significantly and 
that by using the simple isotopic mixing model, it would 
be possible to estimate the contribution of fog to wet at-
mospheric deposition in mountain forests in the Czech 
Republic.

Methods

Sampling of fog, rain and throughfall
In order to collect samples of cloudwater, sampling 

devices were constructed. Two methods of sampling 
were used. In the first: the active cloud and fog water col-
lector (see photograph in Fig. 1a), in which fog is collect-
ed by using a fan to draw air across 10 rows of vertical 
Teflon strands of 0.5–0.87 mm diameter, which are fixed 
to a support inside a Plexiglas box at one end of which 
is the fan. Air enters the box through an opening in the 
bottom of the box. These so-called active CWP collec-
tors are described in literature by Daube et al. (1987) and 
were used extensively in research on fog in the U.S.A. 
(Weathers et al. 1988) and in Europe in the Bohemian 
Forest and Ore Mts in the Czech Republic (Tesař et al. 
1995) and Taunus Mts. in Germany (Eliáš et al. 1995). In 
the second, so-called passive cloud and fog water collec-
tor, fog is collected passively (see photographs in Fig. 1b 
and 1c), i.e. fog droplets were captured on Teflon strings 
0.5–0.87 mm in diameter mounted alongside one anoth-
er to form a curtain in the form of a truncated cone. This 
“Grunow” type of fog gauge (Grunow 1952) is shielded 
from rain by a  0.5 m2 roof. This passive cloud and fog 
water collector was first advertised at the 2nd Interna-
tional Conference on Fog and Fog Collection in Canada 
in 2001 (Tesař et al. 2001).

Samples collected were stored in 500 or 1000 ml poly-
ethylene bottles at 4 °C in the dark. Prior to use, storage 
bottles were washed with 6N HCl, followed by several 
rinses with distilled water.

For this study, we sampled fog, rain and throughfall. 
In meteorology, fog is defined as an obscurity in the sur-
face layer of atmosphere caused by a suspension of wa-
ter droplets reducing horizontal visibility at least in one 
direction to less than 1000 m (ČMES 2020). Thus, apart 
from genuine fog, a cloud touching the Earth surface is 
also perceived as fog. The most accurate way to distin-
guish fog from rain is by droplet size, with fog consist-
ing of tiny water droplets, typically 10–20 µm in diam-
eter and rain of drops greater than 0.5 mm in diameter 

(Scholl et al. 2011), i.e. large enough to fall into a conven-
tional rain gauge. Throughfall is precipitation collected 
underneath vegetation, which consists of both precipita-
tions intercepted by the canopy that then drips on to the 
ground and precipitation falling directly through gaps in 
the canopy. Throughfall is often used in environmental 
studies to quantify the input part of the geochemical bal-
ance (Bellot et al. 1999). Photographs of the fog and rain 
samplers used at some of our sites are presented in Fig. 1. 

Fig. 1 Fog samplers: (a) active fog sampler, Sum_CH, (b) passive 
fog sampler, KrK_SH and (c) passive fog sampler in the background 
with rain sampler in the foreground, Jiz_CN, photographer: 
M. Tesař.
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The throughfall samples were assumed to be a mixture of 
fog and rainwater.

In this study, a  bulk precipitation sampler for rain-
water was located close to the fog sampler, whereas one 
identical precipitation sampler was placed under a  tree 
for collecting throughfall (spruce trees in the Šumava 
Mts., dwarf pines in the Krkonoše Mts). The throughfall 
sampler was placed under branches some distance from 
the tree trunk in order to ensure the representativeness of 
the samples as much as possible. 

Sites sampled
For this study, we used five established sites situated 

in three Czech mountain regions: Krkonoše (the Giant 
Mts.), Jizerské hory (the Jizera Mts.) and Šumava Mts. 
(the Bohemian Forest) (Fig. 2, Table 1). The Krkonoše 
and Jizerské hory Mts., located in the northern part of the 
CR bordering on Poland, belonged in the past to the so 
called Black Triangle region, infamous for heavy ambient 
air pollution particularly in the 1970s and 1980s (Hůnová 
2020). In contrast, the Šumava Mts., are in the southern 
part of the CR bordering on Austria and is the cleanest 
part of the CR (CHMI 2019).

In the Krkonoše Mts., Labská bouda (1355 m a.s.l.) 
and Studniční hora (1550 m a.s.l.) are the sites, where 
fog (passive samplers), rain and throughfall were sam-
pled. The vegetation at these sites consists of artic-al-
pine tundra with dwarf pine, Pinus mugo (Šír and Tesař 

2013). In the Šumava Mts., Churáňov (1123 m a.s.l.) and 
Malá Mokrůvka (1300 m a.s.l.) are the sites where fog 
(Churáňov active sampler, Malá Mokrůvka passive sam-
pler), rain and throughfall (in spruce, Picea abies, stands) 
were sampled. The hilltop station at Churáňov is part of 
the network of professional meteorological stations run 
by the Czech Hydrometeorological Institute. In addition, 
it is the site with the longest record of horizontal (occult) 
deposition for the hydrological and geochemical balance 
of a small mountain water catchment (Tesař et al. 2000). 
Only one site in the Jizerské hory Mts., Prameny Černé 
Nisy, was sampled for fog and rainwater (for technical 
reasons the throughfall was not sampled). This site is sit-
uated within the Uhlířská water catchment and is part of 
the international monitoring of stable isotopes within the 
GNIP (Global Network of Isotopes in Precipitation) and 
GNIR (Global Network of Isotopes in Rivers) networks 
(Šanda et al. 2011).

Period sampled
Samples of fog, rain and throughfall were collected 

from October to November in 2017. The selection of 
October and November was because the highest oc-
currence of fog in the CR is in the late autumn/winter 
periods (Tolasz et al. 2007; Hůnová et al. 2020). For 
practical reasons, based on previous experience, it was 
most convenient to sample fog before December, as in 
January and February sampling (and generally access to 

Fig. 2 Map showing the locations of the sites sampled.
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the sampling site) can be difficult due snow cover. Two-
week cumulative samples were collected in both months. 
For the Šumava and Jizerské hory Mts., the samples were 
available for both October and November, whereas for 
the Krkonoše Mts. only for October. In total 46 samples 
were collected.

Stable hydrogen and oxygen isotope analyses
Water samples were pipetted into 1.5-ml glass vials, 

crimped and stored upside down (to prevent water va-
pour exchange with ambient atmosphere) in a refrigera-
tor prior to analyses. Stable isotope composition of water 
was determined using an isotope ratio mass spectrom-
eter (IRMS) (DeltaPlus XL, ThermoFinnigan, Bremen, 
Germany) coupled to a  high-temperature conversion 
elemental analyser (TC/EA ThermoFinnigan, Bremen, 
Germany) at the University of South Bohemia in České 
Budějovice. A  volume of 1 µl was injected into the re-
actor heated to 1400 °C using a COMBI PAL autosam-
pler (CTC Analytics AG, Zwingen, Switzerland). Then, 
the gases produced were separated using a  molecular 
sieve heated to 85 °C before finally entering the IRMS. 
There were three replicate injections of each sample, the 
first of which was not included in the calculations due to 
a memory effect. The hydrogen and oxygen isotope ra-
tios are expressed as follows: δX [‰]  = (Rsample/Rstandard 
− 1) × 1000, where X is 2H or 18O and R is the relative 
abundance of hydrogen or oxygen isotopes (R = 2H/1H 
or 18O/16O). The isotope ratios were normalised based 
on the internatinal standards Vienna Standard Mean 
Ocean Water 2 (V-SMOW 2) and Greenland Ice Sheet 
Precipitation (GISP) and reported on the V-SMOW scale 
according to Nelson (2000). The standard deviations of 
repeatedly measured international standards indicating 
the precision of the measurements are shown in Table 2. 

Table 2 Precision of our measurements.

Standard deviation, n = 10

δ2H [‰] δ18O [‰]

V-SMOW 2 1.5 0.24

GISP 1.8 0.37

Calculation of the hydrological contribution to atmospheric 
deposition

At localities, where fog and rain have distinct isotopic 
compositions, a simple linear mixing model may be used 
to determine the contributions of these two sources to 
throughfall (Scholl et al. 2011). The fraction of through-
fall that comes from fog ƒF is estimated using a  simple 
mixing model:

ƒF = (δT – δR)/(δF − δR)

Where:
δ denotes the isotopic values (δ2H or δ18O),
F denotes the sampled fog,
T denotes the sampled throughfall,
R denotes the sampled rain.

Results

Our results for individual samples from particular 
sites are summarised in Table 3 and visualized in Fig. 3. 
The δ18O and δ2H values for individual samples regard-
less of their form range between −12.6‰ and −6.1‰, 
and −84.6‰ and −39.0‰, respectively. In terms of the 
form of the precipitation: the δ18O and δ2H values for 
(1) fog range between −11.1‰ and −6.1‰, and −75.4‰ 
and −39.0‰ respectively; for (2) rain between −12.6‰ 
and −8.6‰, and −83.6‰ and −56.8‰, respectively; and 
for (3) throughfall between −12.4‰ and −8.0‰, and 
−84.6‰ and −55.4‰, respectively. The measured δ2H 
and δ18O values of the rain sampled were placed along 
the local meteoric water line (LMWL) expressed by the 
equation δ2H = 7.028 × δ18O + 4.78‰, which departs 
slightly from the global meteoric water line (GMWL), 
indicating the influence of evaporation and the fact that 
local precipitation originates from locally evaporated 
water.

Tables 4 and 5 presents average isotopic values for 
particular sites and regions, respectively. We have found 
that the fog samples were isotopically enriched in the 
heavier isotopes relative to rain in most cases with two 

Table 1 Characteristics of the sites sampled.

Mountain region Site sampled Code Coordinates Altitude [m a.s.l.] Fog sampler Samples

Krkonoše

Studniční hora KrK_SH
50.7265272N, 
15.7051425E

1550 passive F, R, T

Labská bouda KrK_LB
50.7703075N, 
15.5412983E

1355 passive F, R, T

Šumava
Malá Mokrůvka Sum_M

48.9702228N, 
13.5123172E

1300 passive F, R, T

Churáňov Sum_CH
49.0682161N, 
13.6152428E

1123 active, passive F, R, T

Jizerské hory Prameny Černé Nisy Jiz_CN
50.8400925N, 
15.1518536E

820 passive F, R

Note: F – fog, R – rain, T – throughfall
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Table 3 δ2H and δ18O values for fog, rain and throughfall sampled in the Krkonoše, Šumava and Jizerské hory Mts.

Site Date sampled δ2H [‰] δ18O [‰]

F R T F R T

KrK_SH 2.10. −54.8 −77.3 −84.6 −8.7 −11.3 −12.3

KrK_SH 16.10. −49.1 −58.1 −62.2 −7.7 −8.7 −9.4

KrK_LB 2.10. −64.9 −83.6 −84.5 −9.9 −12.6 −12.5

KrK_LB 16.10. −55.3 −60.7 −61.9 −8.7 −9.3 −9.3

KrK_LB 27.10. −41.4 −64.4 66.7 −7.3 −9.9 −10.0

Sum_CH 2.10. −57.1 −59.9 65.1 −8.7 −9.5 −9.7

Sum_CH 24.10. −60.1 −57.0 −55.7 −9.7 −8.6 −8.0

Sum_CH 7.11. −54.9 −65.5 −65.2 −9.1 −10.0 −9.9

Sum_CH 9.11. −61.0 −83.3 −82.6 −9.9 −12.6 −12.4

Sum_M 25.10. −39.0 −56.8 −55.4 −6.1 −8.6 −9.0

Sum_M 14.11. −75.4 −65.5 −63.7 −11.1 −10.3 −10.0

Jiz_CN 6.10. −55.3 −60.0 n. s. −9.1 −9.3 n. s.

Jiz_CN 6.11. −47.1 −59.1 n. s. −7.9 −9.5 n. s.

Note: F – fog, R – rain, T – throughfall, Krk_SH – Krkonoše-Studniční hora, KrK_LB – Krkonoše-Labská bouda, Sum_CH – Šumava-Churáňov, Sum_M – 
Šumava – Mokrůvka, Jiz – Jizerské hory Mts., Values when fog is not isotopically enriched in the heavier isotopes relative to rain are indicated in italics, 
n.s. – not sampled

Table 4 δ2H and δ18O values of fog, rain and throughfall samples averaged for each of the sites sampled.

Site Dates sampled δ2H [‰] δ18O [‰]

F R T F R T

KrK_SH 2.10/16.10. −54.8 −67.7 −73.4 −8.2 −10.0 −10.8

KrK_LB 2/16/27.10. −53.9 −69.6 −71.1 −8.6 −10.6 −10.6

Sum_CH 2,24.10/7,9.11. −58.3 −66.4 −67.1 −9.4 −10.2 −10.0

Sum_M 25.10/14.11. −62.8 −53.8 −59.7 −8.2 −9.9 −9.5

Jiz_CN 6.10/6.11. −51.1 −59.5 n. s. −8.5 −9.4 n. s.

Note: F – fog, R – rain, T – throughfall, Krk_ SH – Krkonoše-Studniční hora, KrK_LB – Krkonoše-Labská bouda, Sum_CH – Šumava-Churáňov, Sum_M – 
Šumava – Mokrůvka, Jiz – Jizerské hory Mtsn.s. – not sampled

Table 5 δ2H and δ18O values of fog, rain and throughfall samples averaged for each of the regions.

Site Dates sampled δ 2H [‰] δ 18O [‰]

F R T F R T

Krkonoše 2/16/27.10. −53.1 −68.8 −72.0 −8.5 −10.3 −10.7

Šumava 2,24,25.10/7,9,14.11. −57.9 −64.7 −64.6 −9.0 −10.1 −9.8

Jizerské hory 6.10/6.11. −51.2 −59.5 n. s. −8.5 −9.4 n. s.

Note: F – fog, R – rain, T – throughfall, Krk_ SH – Krkonoše-Studniční hora, KrK_LB – Krkonoše-Labská bouda, Sum_CH – Šumava-Churáňov, Sum_M – 
Šumava – Mokrůvka, Jiz – Jizerské hory Mts., n.s. – not sampled

exceptions (indicated in italics in Table 3), which was 
expected. Throughfall was generally depleted compared 
to rain, however, which is the opposite of what was as-
sumed. Furthermore, the δ2H and δ18O values of rain 
and throughfall were quite similar in many cases.

Table 6 presents the percentage of fog in throughfall 
in individual samples. It is obvious that the percentage 
for most samples is unrealistic as they are outside the 
reasonable range of 0–100%. Only a few samples yielded 
realistic percentages ranging between 3 and 8% based on 
δ2H and 4 and 7% based on δ18O.

Discussion

Comparison of our results on the hydrogen and oxygen stable 
isotope compositions of fog, rain and throughfall with those  
reported in similar studies

The hydrogen and oxygen stable isotope composition 
of rain can be compared with that reported for other 
parts of the CR, as there is an ongoing long-term study of 
the experimental catchment Uhlířská in the Jizerské hory 
Mts., which is part of the international GNIP and GNIR 
networks (Vitvar et al. 2007; IAEA/WMO 2020). The 
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measurements for October-November 2007–2016 re-
ported by Šanda et al. (2019) indicate that δ18O is around 
−10‰, which is similar to our results. For Churáňov in 
the Šumava Mts., Vystavna et al. (2018) report δ18O val-
ues in monthly samples of between −14.5‰ and −7.1‰ 
and δ2H values of between −100.3‰ and −45‰, with 
volume-weighted averages for δ18O and δ2H in precipi-
tation over the entire period studied (November 2016 – 
October 2017) of −10.4‰ and −71‰, respectively. For 
Vysoké Tatry in neighbouring Slovakia, Holko et al. 
(2018) report values ranging from −70‰ to −45‰ for 
δ2H and −10‰ to −5‰ for δ18O, and −50‰ to −35‰ 
for δ2H and −8‰ to −6‰ for δ18O, for Škaredý potok 
(altitude of 800–1800 m a.s.l.) and Jalovecký potok (al-
titude of 800–1500 m a.s.l.), respectively. The values for 
Slovakia are thus somewhat higher.

Throughfall is expected to be richer in heavier iso-
topes compared to rain due to increased evaporation 
and sublimation. The enrichment values in scientific lit-
erature are not substantial, however. For spruce trees in 
a densely forested catchment in Germany it is enriched 
by only up to 1‰ for δ18O (Brodersen et al. 2000) and 
the maximum throughfall δ18O enrichment of 1.61‰ is 
reported for a spruce forest located in central Pennsylva-
nia, U.S., in spring (Dewalle and Swistock 1994). For pine 
forest the average δ18O enrichment is even lower, −0.3‰ 
(Saxena 1986). In contrast to the above reports and our 
assumption, our throughfall samples were depleted in 
heavier isotopes relative to rain in most cases.

Our results for fog cannot be compared with other 
studies from Central Europe or even the CR, as such in-
formation is not available. They compare well with the 
values for different regions of the world cited by Scholl 
et al. (2011), which range, however, widely between −71 
and +13‰ for δ2H and −10.4 and +2‰ for δ18O. 

The contribution of fog to throughfall 
The contribution of fog to atmospheric deposition 

might be substantial, as it is usually much more con-
centrated than rain in particular regions. This is not 
surprising, as fog generally forms much lower in the at-
mosphere and close to the ground, in areas with higher 
particulate and gaseous concentrations than rain (Sein-
feld and Pandis 2006; Hůnová et al. 2018). That fogs 
are usually substantially enriched in ions, in particular 
those of environmentally important substances, is doc-
umented for many regions of the world (Bridges et al. 
2002; Blaš et al. 2012). However, it is difficult to estimate 
the contribution of fog water contribution and reliably 
quantify the deposition fluxes for respective ions. As 
fog and rain often co-exist in a mixed form, it is difficult 
to distinguish between them and trace those separately 

Table 6 Percentage of fog in throughfall.

Site Date Percentage of fog [%]

based on δ2H based on δ18O

KrK_SH 2.10. −32.3 −38.4

KrK_SH 16.10. −45.2 −70.9

KrK_LB 2.10. −4.9 3.5

KrK_LB 16.10. −21.5 −8,8

KrK_LB 27.10. −10.4 −7.0

Sum_CH 2.10. −181.1 −26.4

Sum_CH 24.10. −44.7 −52.6

Sum_CH 7.11. 3.2 7.4

Sum_CH 9.11. 3.2 5.4

Sum_M 25.10. 7.8 112.8

Sum_M 14.11. −18.3 142.5

Note: Krk_SH  – Krkonoše-Studniční hora, KrK_LB  – Krkonoše-Labská 
bouda, Sum_CH – Šumava-Churáňov, Sum_M – Šumava-Mokrůvka, Jiz – 
Jizerské hory Mts., realistic fraction of fog in bold

Fig. 3 The relationship between the δ18O and δ2H values for fog, rain and throughfall in the regions studied (R – rain, F – fog, TH – throughfall, 
Krk – Krkonoše Mts., Šum – Šumava Mts., Jiz – Jizerské hory Mts., GMWL – Global Meteoric Water Line, LMWL – Local Meteoric Water Line).
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using traditional methods. Nevertheless, due to differ-
ent condensation conditions and processes, fog water 
and rainwater have typical fingerprints and can be dis-
tinguished by differences in their isotopic composition 
(Scholl et al. 2002, 2011). 

There are many studies on the stable isotope compo-
sitions of fog, rain and throughfall mainly in cloud mon-
tane forests (e.g. Chang et al. 2002; Eugster et al. 2006; 
Eugster 2007), some of which use simple mixing model 
to estimate the contribution of fog to throughfall. Sim-
ple isotope mixing model is a good tool for assessing the 
fog content of throughfall for many precipitation events. 
Nevertheless, some authors report unrealistic results. For 
example, Schmid et al. (2011) indicate that almost half of 
the events during a three-months long study conducted 
in cloud forest in Costa Rica in 2003 resulted in percent-
ages outside the valid range of 0–100%, and conclude that 
this approach needs further refinements. In addition, the 
percentages obtained using this technique were lower 
than those obtained using the eddy covariance method 
(Eugster 2007).

In our study, the percentage of fog water fraction in 
throughfall was about 5%, which is lower than originally 
expected. Tesař et al. (2000), using a different approach, 
however, report that fog makes up 10% and 15–20% of 
precipitation in the Šumava and the Krkonoše Mts., re-
spectively. As fog in mountain regions in the Czech Re-
public occur most frequently during autumn and winter 
(Tolasz et al. 2007; Hůnová et al. 2020), which is when 
we collected our samples, the expectation was that the 
percentage contribution of fog over an entire year would 
be considerably lower than that reported for October 
and November. The above is very different from Tesař et 
al. (2004) estimates despite the fact that they are based 
on the percentage of fog in precipitation collected from 
a  sampler located outside the forest, whereas we mea-
sured the percentage of fog in throughfall collected under 
the canopy of trees. Generally, throughfall is some 20% 
lower than the amount in precipitation collected outside 
a forest (CHMI 2019). Interestingly, some studies in the 
Central European region, using different approaches, 
however, estimate much higher contributions of fog. For 
example, Lange et al. (2003) for a site in the Erzgebirge 
Mts. In Germany estimate that fog makes about 25% of 
the annual precipitation, whereas Blaš et al. (2010) report 
that the percentage for the Sudeten Mts. in neighbouring 
Poland might be 60%.

The limitations of this study
Although the IRMS analysis is very reliable and accu-

rate, the sampling procedure might have introduced er-
rors. In contrast to sampling rain, which might be consid-
ered relatively easy and straightforward, the sampling of 
both fog and throughfall is challenging (Scholl et al. 2011). 
In areas with mixed fog and rain precipitation, passive fog 
samplers (which were used at all sites in this study except 
Churáňov), generally collect some wind-driven rain as 

their shields are not capable of completely excluding rain 
(Fischer and Still 2007). This might be an issue especially 
in the Krkonoše Mts., where both sampling sites, due to 
their location in open un forested areas at high altitudes, 
were exposed to strong winds (Tolasz et al. 2007). For col-
lecting throughfall, the positioning of the sampler under-
neath the canopy is reported to be important (Brodersen 
et al. 2000). A major difficulty in sampling throughfall is 
high spatial and temporal variability and consequent dif-
ficulties in ensuring sample representativeness (Beier et 
al. 1993; Keim et al. 2005; Hansen et al. 2013). In addi-
tion, whereas the positioning of the throughfall samplers 
in spruce forests in the Šumava and Jizerské hory Mts. was 
easy due to the canopy structure and architecture of the 
trees, it was much more challenging underneath dwarf 
pines in the Krkonoše Mts. 

In addition, the storage and manipulation of samples 
could cause problems because the stable isotope com-
position can be substantially changed by evaporation 
and/or exchange with ambient water vapour (Ingraham 
and Criss 1993). The essential prerequisite is therefore 
to avoid changes in isotopic composition between col-
lection and the IRMS analysis. For this reason, some 
authors recommend the sample to be covered with a ca 
1cm-thick layer of mineral oil (Scholl et al. 2011). We 
did not do this, however, as a portion of each sample was 
used for the ion analysis and could not be used if it was 
contaminated with mineral oil.

In addition, there is an unassessed uncertainty be-
cause the dissolved organic matter in samples of through-
fall contains O and H that might interfere with O and H 
incorporated in water molecules (Van Stan and Stubbins 
2018).

Conclusions

Our results indicate that fog water is enriched in 
heavier isotopes relative to rainwater in all three regions 
studied. The differences in δ18O and δ2H in rainwater 
and throughfall water were subtle, however, contrary 
to our assumptions, rainwater was often enriched in 
heavier isotopes relative to throughfall water. Hence the 
simple mixing model worked only in a few cases, indi-
cating that fog contribution to throughfall is 5%, which 
is lower than that expected based on the results of other 
studies carried out in the same regions, and substantial-
ly lower than in adjacent mountain regions in Germany 
and Poland. Though the IRMS analysis is reliable, the 
sampling of precipitation, particularly in mountain re-
gions with extreme meteorological conditions including 
strong winds make it very difficult to separate the differ-
ent types of precipitation (i.e. fog, rain and throughfall). 
The stable isotopic approach is suitable for this kind of 
study providing careful attention is paid to sampling 
precipitation and avoiding changes in isotopic compo-
sition during storage.
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