
85

	 Silva	Gabreta	 vol.	24	 p.	85–114	 Vimperk,	2018 

Fluxes of ecologically important solutes in the Čertovo 
catchment–lake system from 1998–2017

Jiří	Kopáček*,	Josef	Hejzlar,	Jiří	Kaňa,	Petr	Porcal	&	Jan	Turek
Biology Centre CAS, Institute of Hydrobiology, Na Sádkách 7, 37005 České Budějovice, Czech Republic

* jkopacek@hbu.cas.cz

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 (Al

i
) 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 Al

i
 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, Al
i
, Al

o
, Al

p

Total, ionic, organically 
bound, and particulate Al

Fractionation according to driscoll (1984), colorimetry 
(douGan & Wilson 1974) throughout 1997–2017. Al

i
 = 

dissolved Al – Al
o
. Al

p
 = AlT – dissolved Al.

FeT, Fe
i
, Fe

o
, Fe

p

Total, ionic, organically 
bound, and particulate 
Fe

Fractionation according to driscoll (1984), colorimetry 
(kopáček et al. 2001b) throughout 1997–2017. Fe

i
 = 

dissolved Fe – Fe
o
. Fe

p
 = 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 (Al

o
) was equal to non-labile Al. 

Concentration of ionic positively charged Al species (Al
i
) was the difference between dis-

solved Al and Al
o
 concentrations. Concentration of particulate Al species (Al

p
) was the dif-

ference between AlT and dissolved Al concentrations. The respective Fe fractions (FeT, Fe
i
, 

Fe
o
, and Fe

p
) 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 Al

i
 and Fe

i
 (Al

i

n+ and Fe
i

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, Al

o
, and Fe

o
 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. 



90

Similarly, the differences between the sums of cations and anions (including Al
i

n+, Fe
i

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 π
C
 and π

L
 (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. Q
DEP

, Q
TE

, QPR, and 
Q

OUT
 (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. C

DEP
, C

TE
, CPR, and C

OUT
 (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 C

DEP
 and CPR and discharge and period weighted means (DPWM) for C

TE
 

and C
OUT

. The annual DPWM value of C
TE

 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, C

y,i
 is concentration of a water constituent and Q

y,i
 water discharge in a tributary y 

during sampling i, and τ
i
 (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 (C

OUT
) was calculated similarly by linking con-

tinuously monitored discharge data of the outlet with the corresponding weekly to biweekly 
concentration data.
∆M

L
 (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 C
1
 and C

2
 (both in kg.m–3) are volume weighted mean con-

centrations of water constituents. The C
1
 and C

2
 values were obtained from data on all sam-

pled depths (usually five) between the surface and bottom at the beginning and the end of 



91

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 (∆M

C
; 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 

π
C
* = Q

TE
C

TE
 – Q

DEP
C

DEP
 = π

C
 – ∆M

C
, 

where π
C
* 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 (H
TF-L

 and 
H

FT-H
, respectively), Q

OUT
, and the budget for Cl−. The Q

OUT
 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 Q

OUT
 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. Q

DEP
 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 A
C
 and A

L
 (m2) 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 (Q
IN

) was the sum of Q
TE

 and QPR. QPR = HPRA
L
 and Q

TE
 

was calculated from equation (2), using the measured Q
OUT

 and QPR fluxes and annual VWM 
concentrations of Cl− in precipitation (ClPR), annual DPWM concentrations of Cl− in lake 
tributaries (Cl

TE
) and outlet (Cl

OUT
), and change in storage of Cl– in the lake (∆Cl

L
, 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 π

L
 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 (C

TF-L
) and high (C

TF-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+] – [Al
i

 n+] – [Fe
i

 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–, Al
i
, Al

o
, Fe

o
, 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 Al

p
 (col-

loidal hydroxides). Concentrations of Al
i
 were thus lower in the anoxic zone than in the rest 

of water column profile, while Al
p
 concentrations sharply increased above the bottom (Fig. 

2I,J). These high Al
p
 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 (Al
i
, Al

p
) and iron (Fe

i
, Fe

p
) 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 (π

C
* = π

C
 – ∆M

C
, 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 π
C
* 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

Al
i
 (Al

i

n+) ND ND 17±5 17±5 (–45±14)

FeT ND ND 3.5±1.1 3.4±1.1
Fe

i 
(Fe

i

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 π

C
* 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 
= 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 Čertovo catchment in the 1998–2017 hydrological years.
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years. Terrestrial exports of NO3
–, SO4

2–, and Al
i
 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 Al
i
, 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 Al

i
 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 Al
i 
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 (π

L
), and the associated H+ production/removal in Čertovo Lake in 

the 1998–2017 hydrological years.

IN OUT π
L

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

Al
i
 (Al

i

n+) 126±40 126±44 –14±23 (79±41)

Al
o

57±16 26±9 –30±14

Al
p

4±2 12±3 11±13

FeT 26±8 28±11 4±17

Fe
i 
(Fe

i

m+) 8±2 11±7 1±11 (–0.2±10)

Fe
o

16±6 8±3 –7±7
Fe

p
2±2 9±4 10±15

Explanations: Values are given on a lake-area basis; ND − not determined. Values of π
L
 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 Al

i
 (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 Al

i
 and its concentrations 

in tributaries (from 17–19 to 9 µmol.l–1; Appendix 4). The decreased Al
i
 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 Al
i
 

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 π

C
* 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 π

C
* 

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 

Fe
o
 from their organic complexes as Al

i
 and Fe

i 
(Table 4). The Al

o
 and Fe

o
 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 Al
i 
(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 Al

p
 (mostly colloidal Al(OH)3) 

(kopáček et al. 2008). A part of this Al
p
 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 Fe
i
 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) Al

p
 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 Al

i
, 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 Al

i
 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 Al
i
 

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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