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Abstract

We present an extensive review of long-term changes in chemistry and biology of all glacial lakes of the Bohe-
mian Forest (Bohmerwald, Sumava). Owing to almost 130-year occasional hydrobiological research we are
able to document significant changes in plankton composition, in particular conspicuous reduction of crusta-
ccan species in some lakes and extinction of fish as well. Major changes in lakewater chemistry were running
in parallel to the changes in biota. From trends in sulphate and nitrate concentrations and from palaeolimno-
logical evidence as well we can estimate the timing of the periods of atmospheric acidification, maximum
acidity and reversal from acidity. The atmospheric acidification of all lakes started presumably since the 1950s,
with certainty since the 1960s. It peaked in the late 1970s and the first half of 1980s and the pronounced rever-
sal has taken place since the late 1980s. As a consequence of different loading with acidifying agents and with
nutrients the lakes represent a fascinating set of unique freshwater bodies. At present we can categorise the
Bohemian Forest lakes as follows: (i) Rachelsee, Plesné, Cerné and Certovo Lakes remain strongly acidified:
(i) Prasilské Lake and Kleiner Arbersee are moderately acidifed; whereas (iii) Grosser Arbersee and Laka
Lake reveal only slight acidity. The lakes represent a great potential for long-term ecological research of atmo-
spheric quality development in Central Europe and its impact on both lake and forest ecosystems.

Key words: forested lakes, atmospheric deposition, hydrochemistry, plankton, fish, lake acidification, lake re-
versal, lake recovery, palacolimnology

Introduction

More than 10,000 years ago eleven local slope glaciers shaped corries on slopes of the cen-
tral summit of the Bohemian Forest (Sumava or Bshmerwald, including Bayerischer Wald,
JENIK 1996). During the postglacial era altogether eight small lakes have been preserved
along a historical borderline between Czechia and Bavaria at altitudes between 900 and
1100 m - five of them (Cerné, Certovo, Plesné, Prasilské, and Laka) in Czechia and three
(Rachelsee, Grosser Arbersee, and Kleiner Arbersee) in Bavaria (Table 1, VEseLy 1994).
The first written notice mentioning Grosser Arbersee and Kleiner Arbersee was recorded
in 1076 (Svameera 1913, 1914a) though the Benedictine order settled in the adjacent region
of these lakes even since the 8" century (STEINBERG & HARTMANN-ZAHN 1989). Due to an ap-
parently easier access to the Bavarian lakes, the anthropogenic influence upon them has been
manifold since the Middle Ages; the adjacent town of Bodenmais was founded in the 13®
century (ARzeT & al. 1986, STEINBERG & HARTMANN-ZAHN 1989). Palynological evidence (VE-
seLy 1998) has suggested certain medieval land use also at some Czech lakes but historical
records have shown later human impact (since the 16™ century, VESeLY 1994). Various human



q.0%.¢1 (39seR]) 99§ B 1D

£00 sstaug onuds SemioN SE'l | ¥00 € 8T 19601 | N.LOOY | V1 (0sald) eye] 019zal -y AET BALY
4.60.€1 98I JoUIdy (D

600 SSIUS | Y02aq % 2omuds AemioN 6LC | STO 6 6 | 816 | N.80.6F | W 01973( QYSIOAR[ DRI 1D | 99512QuY JaUI[Y
o B q.L0.61 T aasiaquy 194010 10

L10 sstusd | 4033q 2 2onids AemioN 8SC 1 SO | 91 UL | SE6 N.90u6F | VO 01973 YSIOARL IY[OA 1D | 93SIAQUY 13$S0I0)
ER3 3S[YIRY 1D

1£°0 sstou3 aonids AemioN 860 | 810 | ¢I LS | 1L0T | N.8S.8% | Vi otazal pysueyoy D 23s[aydEy
nueis LRz 99§ Iayoequaqm§ 10

¥S0 Istyos-eotwl 2onuds KemioN S9°0 | S0 | 91 v | 6L01 | N.SO.6% dd 01073{ ys|iseid ) T AS[IReId
q.28.€1 239G J2U1ISUNIQ] D
o1azal (uueaeg

£6°0 nuess aon1ds AemioN L90 | 290 | 81 L | 0601 | N.Lpo8% Td | ASUIAISUANIQL]) pUSRId D AT 2uRld
J.CloE] AS[YMIL D

St 1S1Yds-BIW 2onuds KemioN 980 | S81 | 9¢ | €01 |8201 | NOl6v | 1D 01973 0A0LIR]) 1D e 0A0UA)
16t 93§ IdzIeMydS 1

£CT ISIyos-eoI onuds KemioN 601 | 8T | Oy | ¥81 | 8001 | N.Ilo6¥ | NO onazal guIa) ) QBT QU

(- w) uy) (Wwyor) (w) | (ey) | (w) | apmuduof (swAuouks) swAuodo) (ys13ug ut pasn)

BIIT JUAWYDIE)) ¥001paq 15210 eaIe [ownjoA| ydop jaoepnslopninie|  apmne| | 2pod URLULIAN) PUR Yd32)) sweu

-OUN[OA Ye] AWy ENLS! uonedO] e

“(SIPAK UI) SAWN UOTNIUAIAI 9YE[ JO ABWNSI YSNOI B SB PaISPISU0d
0S[e 9q ABW YDIym ‘BIIB JUIWYOILD 01 SWN[OA B[ JO Onel SuISEaIdap ay) 01 SuIpI0doR PAIAPIO 218 SB[ 3yl (/86 [ LIVHISLAIMIASSY A 4N LWVSIANYT STHD
-SREAVE = VY VD VY 9661 THOIZ — ¥d (661 VHIIWVAG — VT “Td ‘1D ‘ND) 18210 uBlwayog ay) ut saye( [21oe[3 [[¥ JO SONSLIIIRIBYD URIN — ] JqEL



activities have been documented at most of Bohemian Forest lakes, such as local ore pros-
pecting, mining and smelting, logging of the forests, glasswork, cattle grazing, forest man-
agement, dam and sluice construction (for timber transport) with consequent water level
manipulation, fishing and fish introduction, etc. (for review see VESELY 1994). On the other
hand, recent evaluation of archive materials (ViCENA, unpubl.) has suggested that, unlike the
western Bohemian Forest lakes, PleSné Lake and its forested catchment has remained less
affected till this century, except for water level manipulations of the lake itself. During this
century all the Bohemian Forest lakes have reached certain degree of nature protection, which
has led to more or less reduction and control of any kind of land use.

While five of the Bohemian Forest lakes represent the only natural lakes in the Czech Re-
public, the three others account for a very minor part of the entire "lake population” in Ger-
many. Perhaps due to this fact, more hydrobiological efforts on the lakes have been fulfilled
by Czech investigators of the 19" century then by German ones. The first hydrobiological
survey of all the Bohemian Forest lakes was performed almost 130 years ago by Fric (1872,
1873). Since then occasional hydrobiological research has continued, in particular on Cerné
Lake (Table 2, VEseLY 1994). During the last two decades limnological research of the Bohe-
mian Forest lakes has intensified on both Bavarian side (e.g., STEINBERG & al. 1984a-c, 1985,
1988, 1991, Arzer & al. 1986, ScHaumBurG 2000) and Czech side (e.g., Fort & al. 1980,
1987, 1994, VeseLy 1987, 1988, VESELY & MaJER 1992, VESELY & al. 1993, 1998, VrBa & al.
1996, Koracek & al. 1998a, 2000a) as a result of emerging atmospheric acidification, which
has affected lakewater chemistry. As a direct consequence of these changes, unique lake eco-
systems with a dominant role of microorganisms in pelagic food webs have recently devel-
oped (VrBa & al. 1996).

This study extends VESELY’s (1994) review by including an overview of former research
of all the Bohemian Forest lakes and presents their comparison using limnological criteria.
We intend to summarise apparent trends in hydrochemistry of lake water and in plankton
composition which can be gathered from early Czech and German literature and from our
own experience as well. Furthermore, we intend to evaluate and estimate if the ongoing re-
versal of the lake water chemistry is followed by a biological recovery. Thus, the paper sum-
marises a great potential of the Bohemian Forest lakes for long-term ecological research of
atmospheric quality development in Central Europe, global climate changes, and their im-
pacts on the lake as well as forest ecosystems.

Recent trends in water chemistry reflect those in atmospheric deposition

As the Bohemian Forest lakes are situated in rather small geologically sensitive catchments
tforested predominantly by Norway spruce (Table 1), first signs of lake water acidification had
been observed as early as at the beginning of the 1960s (ProcHAzKOVA & BLaZka 1999). De-
spite certain gaps in water chemistry data, Fig. 1 clearly demonstrates that the lake water
chemistry has followed trends in emissions of sulphur and nitrogen in Central Europe. From
the trends in sulphate and nitrate concentrations (Fig. 1) we can estimate the timing of the
period of acidification, maximum acidity, and reversal from acidity. The atmospheric acidifi-
cation started presumably since the 1950s, with certainty since the 1960s. It peaked in the
late 1970s and the first half of 1980s (Fort & al. 1980, 1987, 1994, SteINBERG & al. 1984a,
ArzeT & al. 1986, VESELY 1987) and the pronounced reversal has taken place since the late
1980s. Recent studies have already suggested a slight reversal from both lake acidity and
high nitrogen export from the catchments (KorACEK & al. 1998a, VESELY & al. 1998, ScHAUM-
BURG 2000).

However, the first analytical data must be considered with caution (e.g., those in WAGNER
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1897, Fric & VAvra 1898, SvamBera 1913, 1914a). Perhaps the first most reliable and con-
spicuous long-term changes of water quality due to anthropogenic acidification have been
recorded in colour and transparency. Table 2 summarises most of available information on
water colour and Secchi depth records. At the beginning of the 20" century and earlier, visi-
tors (e.g., GUMBEL 1868) had referred to colour of lake water as black”, i.e. between dark
brown and yellow-brown. Both WacnNer (1897) and Svamsera (1914a), however, considered
information on "lake colour” as very subjective unless measured properly. Therefore, we
refer to their values of the ULE’s scale, which allow some inter-lake comparison of the pre-
acidification status. However, these data cannot be compared with the recent ones without a
comparison of historical and modern methods. Nevertheless, the historical data (Table 2)
allow making the following qualitative conclusions.

First, unlike at present, all the Bohemian Forest lakes had humic dark brown water a cen-
tury ago. Svamsera (1914a) considered Rachelsee as the darkest lake in the Bohemian
Forest, followed by Grosser Arbersee and Certovo Lake. The names of two other lakes came
from their “black” colour. Besides Cerné Lake (Schwarzer See, Table 1), also Ple§né Lake
was called "Cerné” (Black) by local people.

Second, during the period of atmospheric acidification some lakes, in particular Cerné and
Certovo Lakes, Grosser Arbersee and Rachelsee became obviously more transparent and
clear, getting apparently a bluish colour. Other ones (e.g., Ple$né Lake) did not change very
much so far (Table 2). Such changes in water transparency and colour could reflect a reduc-
tion of chromophoric organic matter (cf. NURNBERG & SHaw 1998). Precipitation of humic
substances followed by increasing transparency was observed in many lakes as a conse-
quence of their atmospheric acidification (STEINBERG & KUnNEL 1987). Sediment chemistry
of Kleiner Arbersee and Grosser Arbersee revealed further evidence of the organic matter de-
crease in the lake water during its acidification process (STEINBERG 1991, STEINBERG & al.
1991).

Nowadays, most of the lakes have a more humic nature (brownish colour) again, except
for Rachelsee, which is still clear and bluish. This different nature can be well demonstrated
by comparing absorbances (A, and A, ) and molar absorptivities (A,,;:DOC, Table 2),
which may be considered as certain measure of water colour (Koracek & Heizrar 1998). At
present the darkest water has been recorded in Laka, Prasilské Lake, and Kleiner Arbersee,
followed by Grosser Arbersee, Certovo and Ple$né Lakes. Unlike a century ago when
Rachelsee was the most coloured lake, now it is the clearest of all the lakes. However, the
tributaries supply similarly coloured humic water into all the Bohemian Forest lakes (see the
bottom row in Table 2).

The first reliable data on lakewater chemistry of Cerné, Certovo, and Laka Lakes come
from 1936 (Jirovec & Jirovcova 1937). These data are usually considered as background
values of the pre-acidification period. Jirovec & Jirovcova (1937) reported almost neutral pH
in the surface layers of Laka (6.6-7.2) and Cerné Lakes (6.3-7.0) and pH decreasing towards
the bottom (5.9-6.2). Such a pattern is common in bicarbonate lakes (WETzeL 1983). Ten
years later WEISER (1947) recorded pH = 6.2 at the surface of Cerné Lake. In Certovo Lake,
however, remarkably lower pH (5.4-6.9) was reported already in 1936 (Jirovec & JiROVCOVA
1937) as well as in 1956 (pH = 4.7, Lanpa & al. 1984) on the surface. According (o pa-
laeolimnological evidence (VESELY & al. 1993) Certovo Lake has been acidic for several cen-
turies.

The next sampling survey of five Czech lakes in 1959-1961 already showed first indica-
tions of atmospheric acidification (ProcHAzkovA & BraZka 1999). The surface pH values
varied between 5.0-6.2 but vertical pH profiles still exhibited a slight decrease towards the
bottom suggesting presence of carbonate buffering system. Concentrations of nitrate (NO,)
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Fig. 1. — Emissions (solid lines) of SO, (top) and total inorganic nitrogen, TIN = NH_-N + NO -N (bottom), in
former Czechoslovakia (CSR) and autumn concentrations of SO,* and NO, in the Bohemmn Forest lakes. The
Czechoslovak emission trends before 1980 for SO, and before 1985 for TIN were calculated from the data of
the Czechoslovak Statistical Office on fossil fuel consumption, livestock production, application rate of nitro-
gen fertilizers, and industrial sources (KoPACEK & al. 1998a) accordmg to: (i) VARHELY1 (1985), SO ; (ii) Pacy-
Na & al. (1991), NO_; and (iii) and Asman & al. (1988), NH,. The emission trends of SO, and FIN after 1980
and 1985, respecuvely, are based on the emission data supphed by Czechoslovak (till 1992) and both Czech
and Slovak Statistical Offices (since 1993). Concentrations of SO * and NO, in the lakes (see codes in Table
1) come from JirRovec & Jirovcova (1937), PRoCHAZKOVA & BLAZKA (1999), VLSI‘[Y & Maler (1992), VESELY &
al. (1998), and KopACEK (unpubl.).



were already elevated (Fig. 1) compared to the data of Jirovec & Jirovcova (1937). Twenty
years later Cerné Lake was strongly acidified, with pH values as low as 4.2—4.5 in the sur-
face layer and an increasing pattern of pH towards the bottom (Fort & al. 1980). However,
reverse pumping of river water upwards into Cerné Lake, performed by a small hydroelec-
tric power plant since 1930 to 1975, could have influenced water quality and mitigate acidi-
fication process of this lake to an unknown degree (Fort & al. 1994). Nevertheless, the at-
mospheric acidification of all the Bohemian Forest lakes obviously peaked at the same time,
i.e. on the turn of the 1970s and 1980s (Lanpa & al. 1984, STEINBERG & al. 1984a, ArzeT &
al. 1986, Forr & al. 1987, VEseLy 1987). Both pH and acid neutralising capacity (ANC) were
always higher in Laka Lake (usually: pH > 5 and positive ANC) than in the other Bohemian
Forest lakes (Fort & al. 1987, VEseLY & al. 1998, KopAcek, unpubl.). Thus only episodic
acidification was recorded in Laka Lake likely due to a relatively large but not steep catch-
ment area (Table 1) with more developed soils. In Grosser Arbersee pH usually varied around
5 during the last 15 years (WEILNER 1997, ScHauMBURG 2000).

Both SO,* and NO, concentrations in the lake water clearly followed increasing emission
trends of SO and total inorganic nitrogen (TIN = NH,-N + NO -N), respectlvely, after the
World War II (Fig. 1). They became the major anions m the lake water in the early 1980s
when negative values of ANC (Gran titration) demonstrated absence of the carbonate
bufterm0 system in the Bohemian Forest lakes. During the last 15 years SO,* and NO," con-
centrations in lakes declined due to ~ 80% and ~ 40% drops in the SO, and TIN emlsslons
respectively, in the region (Fig. 1, VESELY & al. 1998, ScHAUMBURG 2000).

Unlike sulphate, biogeochemical cycle of nitrogen is more affected by biochemical pro-
cesses in soils, water, and sediments (cf. vaN MIEGROET 1994). Originally, all forms of inor-
ganic nitrogen were close to or even below detection limits in Cerné and Certovo Lakes
(Jirovec & Jirovcova 1937, cf. Fig. 1) suggesting N limitation of the forest in their catch-
ments. Then NO,  concentration in all lakes increased continuously (1960-1990) suggesting
that atmosphenc input of TIN exceeded the catchment N demand and led to an elevated ter-
restrial export of N. The development of the last decade has suggested a reversal from the
high terrestrial losses of N (Fig. 1). This trend, however, has not been observed in Prasilské
Lake and Rachelsee. In their catchments gales and bark beetle infestation caused significant
damage of the forest during the last ~ 15 years (VeseLy & al. 1998, ScHaumBurG 2000),
which drastically reduced N uptake by the forest and increased rates of N mineralisation
(ANDERSON & al. 2000). These changes have resulted in the persisting higher level of NO,
concentrations in these lakes. The effect of in-lake processes on NO, concentrations has been
documented for Préasilské and Ple$né Lakes (HrjzLAR & al. 1998, ANDI:RSON & al. 2000, Ko-
PACEK & al. 2000a). More scattered and lower NO,” concentrations in these more productive
lakes compared to oligotrophic Certovo and Cerné Lakes (Fig. 1) have been associated with
higher denitrification rates in the water column.

We have no information on aluminium in the lakes before mid the 1980s, when the con-
centrations of total aluminium (Al ) were ~ 1 mg I"' (except for Laka and PraSilské Lakes).
Decreasing trends of Al in all the Bohemian Forest lakes during the last I5 years (VESELY &
al. 1998, ScuaumBurRG 2000) obviously have reflected the rapid reversal from the lake acidi-
ty. In addition, the parallel changes toward more humic lake water (see above and Table 2)
have suggested indirect evidence of a controlling role of Al on dissolved humic substances
under acidified conditions described by STEINBERG & KUHNEL (1987). Furthermore, our recent
studies have revealed that Al loading of lakes (cf. KopaAcEk & HejzLar 1998) as well as in-
lake processes controlling Al speciation are the key factors determining phosphorus availabil-
ity (KopAcek & al. 1999, 2000a, VrBA & al., in prep.).
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Recent status of the lakes and their comparison

In order to assess the present status of the Bohemian Forest lakes in a comparable way, we
observed all the lakes with the same sampling strategy in the 1999 late summer (August 31—
September 9). The lakes were sampled from an inflatable boat at the points of their maximum
depth; all tributaries of each lake were sampled according to Koracex & al. (2000b). Com-
plete methods of chemical analyses (see also footnotes in Table 3), data processing and sta-
tistics are described in Koracek & al. (2000a,b)

Table 3 shows main results of chemical and plankton analyses of both surface and bottom
water, as well as volume-weighted mean chemical composition of all surface tributaries. The
lakes revealed, besides some common features, conspicuous inter-lake differences. Except of
the shallow Laka Lake the seven other lakes were stratified. Concentrations of dissolved
oxygen (DO) followed clinograde distributions with more or less pronounced oxygen deficit
at the bottom, except for Cerné and Laka Lakes (see bottom values of DO in Table 3). How-
ever, the data in Table 3 are based on samples from 0.5-1 m above the bottom, whereas
anoxia was found closer to the bottom of the six lakes. The oxygen depletion was accompa-
nied by reduction of NO, (in all lakes but Laka) and SO (only in Rachelsee, Grosser Ar-
bersee, and Ple$né L.) above the bottom. These processes contubuted importantly to the in-
lake alkalinity (ANC) generation (Table 3), which partly mitigated the lake acidity (cf.
Koracek & al. 1999, 2000a). Grosser Arbersee showed the highest pH among all the lakes,
whereas it was acidified in the 1980s (cf. Arzer & al. 1986, WEeILNER 1997). In addition, the
exceptionally high calcium concentration (2.76 mg I"') above the bottom (Table 3) suggested
different chemistry in this lake. To our opinion, this difference can be explained by a liming
in the Grosser Arbersee catchment. However, we have not yet been able to find out any con-
firmation of such a treatment.

Table 4 summarises the chemistry of both tributaries and surface lake water given in Table
3 with respect to the most relevant factors for the acidity and/or trophic status of the lakes;
parameters of phytoplankton biomass (chlorophyll a (Chla) concentration) and heterotrophic
microbial biomass (HMB) are compared as well. Except for Grosser Arbersee and Laka
Lake, the tributaries of other lakes showed signs of the atmospheric acidification like low pH
and ANC, and high concentrations of Al forms, SO,*, and NO,.

We could clearly distinguish a group of four lakes (Rachelsee Plesné, Cerné and Certo-
vo), which were strongly acidified at present and reflected higher loading of acidifying com-
pounds (input: pH < 4.4, ANC ~ =50 umol 17, Table 3). Certovo Lake received and even re-
tained the most acid water (lowest pH and ANC), while Plesné Lake was subjected to the
highest input of Al, SO *, and DOC (Table 4, Kopacek & HeszLar 1998). On the other hand,
Rachelsee was exposed to two- to three-times higher NO, loading than any other Bohemian
Forest lake, which most likely reflected the reduced NO bioconsumption in the Rachelsee
catchment due to current dying out of bark-beetle mvaded spruce trees. In Rachelsee and
Plesné Lake, biochemical reduction of NO, and SO * increased both alkalinity and pH above
the bottom. Enhanced consumption of N by the very high plankton biomass (Chla and HMB)
contributed to the remarkable NO," depletion in the epilimnion of Plesné Lake as well (com-
pare the differences between NO - concentratlon in the 1nput and lake water, Table 3). These
in-lake alkalinity generating processes led to the changes in Al speciation and producuon of
particulate Al (Al ). Consequently the highest Al . concentrations were observed in Plesné
Lake and Rachelsee (Table 4).

Pragilské Lake and Kleiner Arbersee formed a group of moderately acidified lakes (input:
pH > 4.8, ANC = -20 umol 1", Table 3). Their common feature was a lower Al loading (Al,

~ 150 pg ") with predominance of organically bound Al (Al , Table 3) compared to the



Table 4. — An inter-lake comparison of selected parameters relevant for recent acidity (upper part) and/or tro-
phic (lower part) status of all Bohemian Forest lakes (late summer 1999). The lakes (see codes in Table 1)
were ordered according to increasing or decreasing values of particular parameters (minimum and maximum
given in parentheses, see also Table 3); in. — input water, sur. — surface lake water; see text for further explana-
tion.

Parameter strong « acidification effects — weak
pH in. (4.34) CT<CN=PL<RA<KA<PR<GA<LA (5.65)
sur. (4.50) CT<CN<RA<PR<PL<KA<LA<GA (5.91)
ANC in. (umol 1) (=57) CT<RA<CN<PL<PR<KA<GA<LA (16)
sur. (umol I') (—49) CT<CN<RA<PR<PL<KA<GA<LA (16)
Al in. (ng ! (669) PL>RA>CN>CT>KA>PR>GA>LA (68)
sur. (ug 1 (420) CT>CN>PL>RA>PR>KA>GA>LA (109)
Al in. (ug 1" (535) PL>RA>CN>CT>KA>PR>GA>LA (12)
sur. (ng 1" (390) CT>CN>RA>PL>PR>KA>GA>LA (6)
Al sur (uglh (12) CT<CN<KA<LA<GA<PR<RA<PL 212)
SO in. (mg ") (5.59) PL>CN>CT>RA>KA>GA>PR>LA (1.55)
sur. (mg 1) (4.67) CT>PL>CN>GA>KA>RA>PR>LA (1.56)
NO,-N in. (mg 1) (1.51) RA>PL>CN>LA>PR>GA>CT>KA (0.37)
sur. (mg 1) (0.80) CN>RA>CT>LA>GA>PR>KA>PL (0.05)
Parameter oligo- < _trophic status — meso-
DOC in. (mg 1) (2.45) LA<GA<KA<CN<RA<PR<CT<PL (5.62)
sur. (mglh) 091 RA<CN<GA<PL<CT<KA<LA<PR 4.27)
HMB sur. (ug 1" (62) KA <PR<GA<LA<RA<CT<CN<PL (318)
Chla  sur. (ng 1" (1.68) RA<KA<CN<GA<CT<LA<PR«PL (34.7)
TP in. (ug 1" 2.1 RA<LA<CN<GA<CT<PR<KA«PL (18.7)
Sur. (ug 1) 2.7 RA<CN<CT<PR<GA<LA<KA<PL 8.9)
DOP" in. (ug 1) (2.2) CT=PR=KA>CN>LA>PL>GA>RA (<0.5)
sur. (pglh (4.4) GA>KA>CT>PR=LA>CN>PL=RA (<0.5)
DRP" in. (uglt) (<1) CN=CT<RA<LA<PR=KA<GA «PL (16.1)

" DOP, DRP - dissolved organic and dissolved reactive phosphorus

former group. Forr & al. (1994) have suggested that permanently lower Al_as well as little
proportion of ionic Al forms (Al) in Prasilské Lake (cf. Tables 3 and 4) has allowed the bet-
ter survival of crustacean zooplankton in this lake.

Grosser Arbersee and Laka Lake formed the third group of lakes slightly affected by the
acidification at present (input: pH > 5.5, ANC > 0 umol 17, Al = 100 pg 1%, Table 3). De-
spite the positive ANC, the vertical pH profile of Grosser Arbersee still revealed a slight in-
crease of pH towards the bottom like in acidified lakes.

The Bohemian Forest lakes differed remarkably in P cycling. While most of the lakes re-
ceived low total P (TP) with negligible proportion of dissolved reactive P (DRP), Ple3né Lake
received one order of magnitude higher TP concentrations, which was formed predominant-
ly by DRP (Table 4). However, DRP in the Plesné Lake epilimnion was below the detection
limit as in any other lake. The enhanced DRP loading obviously favoured the phytoplankton
growth in Ple$né Lake (Fig. 2).

For the inter-lake comparison Chla concentrations were used to characterise roughly the



phytoplankton biomass and its vertical distribution. The Chla concentrations were
< 10 pgl' in most of the lakes, though its vertical distribution in Rachelsee and Plesné Lake
showed conspicuous peaks (~ 40 ug I, Fig. 2). While the surface value in Rachelsee was the
lowest among the lakes (Table 3), Chla was 42 pg I'' in the 11-m depth of this clear water
lake. This surprisingly high value was similar to the metalimnetic Chla maximum of me-
sotrophic Plesné Lake (Fig. 2) and obviously represented some phytoplankton adaptation to
lower light intensities in the corresponding depths (see transparencies in Table 2). Generally,
more or less pronounced Chla peaks in deeper layers have been a typical pattern of the phy-
toplankton vertical distribution in most of the lakes.

Bacterioplankton in the Bohemian Forest lakes were dominated by very long (> 100 um)
filamentous microorganisms. These microorganisms contributed on average for more
than 80% of the total HMB in all but two lakes in the late summer of 1999 (Fig. 3). Lower
proportion of filaments used to be typical for anoxic conditions above the bottom, while the
highest biomass of filaments (96-98% of HMB) was found in the epilimnion of most lakes
(Rachelsee, Cerné, Certovo, Ple$né, and Prasilské Lakes). Most likely the high epilimnetic
HMB could utilise allochthonous DOC causing thus more or less pronounced reduction of
its concentration in some lakes (Fig. 3). Moreover, cleavage of the allochthonous DOC by
UV-B radiation probably may release some additional substrate for bacterial growth.

Long-term changes in zooplankton, benthos, and fish

Since the first Fric’s (1872, 1873) survey of all the Bohemian Forest lakes 130 years ago
crustacean zooplankton have remained in a focus of interest of any further hydrobiologist
visiting the lakes. We can guess at least three reasons of the interest: (1) A plankton net has
remained the basic sampling tool over a century. (2) The number of species has never been
excessively high which has made the insight on their presence/absence or dominance easier.
(3) Crustacean zooplankton of the Bohemian Forest lakes have differed on both geographi-
cal and time scales, which posed a challenge to make hypotheses.

Some twenty years after the first survey Fric & Vavra (1898) observed significant chang-
es in both abundance and composition of the zooplankton of Cerné Lake. They supposed
them to be caused by a changed fish stock (see below). Their explanation indeed was pro-
bably the first mention of a possible influence of fish predation upon zooplankton, an idea
widely accepted nowadays as an important factor in recent freshwater ecology (WETZEL
1983).

In his paper concerning zooplankton of the Cerné Lake SrAmek-Husex (1942) reported on
a continuing reduction in species richness of pelagic Crustacea. He concluded that Holope-
dium gibberum, Daphnia longispina, Bosmina longispina and Acanthodiaptomus denticornis
became extinct in the lake, the only two species remaining then were Cyclops abyssorum and
Ceriodaphnia quadrangula (all names according to the present nomenclature). After a tem-
porary comeback of Holopedium gibberum (WEISER 1947) the reduction proceeded further
until the state where Cyclops abyssorum disappeared either and the population of Ceriodaph-
nia quadrangula was surviving in extremely low numbers. The only regular components of
summer zooplankton were two rotifer species, Microcodon clavus and Polyarthra remata.
The final impoverishment of zooplankton was attributed to the ongoing acidification of the
lake (Fort & al. 1994). The later increase in abundance of Ceriodaphnia quadrangula (since
1997) may be one of the first signs of recovery in the open water community from the acid
stress (Forrt & al., in prep.).

SoLpAN & al. (1999) also documented a decrease of mayfly diversity but not abundance in
Prasilské Lake during its acidification period: while three species were recorded there in the
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1940s and 1950s, only one acid tolerant species, Leptophlebia vespertina was found since the
late 1970s. However, its abundance increased twofold in the 1990s compared to the 1970s as
well as exceeded that total mayfly abundance observed in the 1940s and 1950s. At present
we can only speculate if the rising abundance of benthic organisms reflects the ongoing re-
versal. Thus some continuation of this unique long-term research will be highly appreciated.

VESELY (1994) has reviewed the history of fish occurrence, their introduction and extinc-
tion in the Bohemian Forest lakes. The presence or absence of fish in the lakes, however, still
remains a puzzle to a certain degree. As far as we can infer from both archive records (Vicg-
Na, unpubl.) and early literature (GRUEBER & MULLER 1846, FRAUENFELD 1866, GUMBEL 1868,
see also VESELY 1994) some lakes (in particular Rachelsee, Ple$né and Prasilské) were natu-
rally fishless. Among other reasons a difficult access might have disabled fish from invading
the lakes via outflow. Artificial stocking of brown trout (Rachelsee and Laka: WAaGNER 1897,
SvamBera 1914c) changed this situation. Other cases of stocking, either in the carly times
(Cerny 1910) or later ones are difficult to trace out. Large lake forms of brown trout (Salmo
trutta morpha lacustris”) are documented from Cerné, Certovo and Ple$né Lakes (FriC &
VAivra 1898, CERNY 1910).

Historical data indicated that Grosser Arbersee and Kleiner Arbersee had been used for
fishing since the 16" century (WINKLER 1981 in ArzeT & al. 1986). Original populations of
brown trout (Salmo trutta) were later replaced by introducing the geographically foreign rain-
bow trout (Oncorhynchus mykiss). As a consequence of atmospheric acidification the fish
populations disappeared from the both lakes since the late 1950s or early 1960s and stock-
ing attempts in 1965 failed (STEINBERG al. 1984b, ArzeT & al. 1986).

Large-scale introduction of the geographically foreign brook trout (Salvelinus fontinalis)
into Cerné Lake after 1890 led to a significant reduction of the population of brown trout.
The growth of brook trout was extremely good after its introduction to the lake and it was
still good in 1950 (Fric & VAvra 1898, Lonnisky 1963). A successful acclimatisation of
brook trout to the lake, its higher fitness, even resistance to parasites, and more efficient com-
petition for food resources resulted in a miserable existence of the indigenous species (Dyk
1992). The more efficient predation of the newcomer upon zooplankton may explain at least
some changes in zooplankton mentioned already by Fri¢ & Vavra (1898). The exact time of
extinction of brown trout in the lakes is not known but it certainly could not have survived
the onset of acidification in the 1960’s. The acid tolerant brook trout survived in the lake
Cerné until the mid—1970s (KRUPAUER & VOSTRADOVSKY 1972, VESELY 1994). The early at-
tempt of introduction of a pelagic whitefish Coregonus wartmani was unsuccessful (Fric &
VAvra 1898).

As far as we know, any fish return has not been documented yet into any Bohemian For-
est lake. On the other hand, the absence of fish has been proved in Prasilské Lake recently
(KuBecka & al. 2000). Also presence of invertebrate predators, like Chaoborus sp. in Laka
Lake, rather contradicts the fish recovery. In the near future, a special attention should be paid
to any signal of fish presence in the lakes; any uncontrolled fish stocking should be avoided.

Can we observe any long-term changes in the phytoplankton?

Similarly to other acidified lakes, the phytoplankton of the Bohemian Forest lakes have been
dominated by phytoflagellates (typically Dinophyceae, Chrysophyceae, and Cryptophyceae;
Forr & al. 1980, LukavskyY in WEILNER 1997, NEpBALOVA & VRTISKA 2000, SCHAUMBURG
2000). The only exception has been the phytoplankton of Plegné Lake with dominance of
Monoraphidium cf. dybowskii and filamentous cyanobacteria (Pseudanabaena sp. and Lim-
nothrix sp.; HeizLar & al. 1998, NepsaLova & VrTiska 2000). Nevertheless, species compo-



sition of the phytoplankton of four Czech lakes (Cerné, Certovo, Prasilské, and Ple3né) was
actually similar. All recently present species of these lakes were observed in Cerné Lake as
early as in 1936 (B. Forr, unpubl.); the only species of his list which was not found at present
is Cyclotella sp. (found also in sediment cores of Cerné Lake, Scamipt & al. 1993). Thus the
comparison of the present state with the old records proved that many phytoplankton species
of acid-sensitive oligotrophic lakes were able to survive when the lakes became acidic (Fort
& al. 1994).

Changes in biomass and shifts in composition of phytoplankton have been usually re-
ported from anthropogenically acidified lakes in some lake districts of the Northern Hemi-
sphere (see ScHINDLER 1994 for his critical review). While changes in crustacean zooplank-
ton seem to indicate the changing lakewater quality, such information cannot be inferred from
few reports on phytoplankton of any Bohemian Forest lake. One reason is methodological.
The former algologists (except B. Forr) did not concentrate their samples by centrifugation,
sedimentation or filtration. Another reason concerns a sampling strategy. Recent extensive
phytoplankton studies have shown that distributions of phytoplankton species differ both in
space and time (NepBALOVA & VRTiska 2000). Moreover, as the particular species can differ
also in their specific content of chlorophyll ¢ (Chla), phytoplankton biovolume and Chla
maxima coincided neither spatially nor temporally (NepsaLova 2000; cf. FeLip & CATALAN
2000). Therefore, widely used estimation of phytoplankton biomass by Chla does not allow
an adequate comparison unless sampling vertical Chla profiles on a seasonal basis.

Due to the above reasons we can hardly track any phytoplankton changes using rather
scarce past data of either Chla concentration or taxonomic composition available from the
Bohemian Forest lakes. On the other hand, microscopical evaluation of the biomass is too
laborious and time-consuming to be recommended for a routine monitoring of the phy-
toplankton changes. Perhaps regular monitoring of mallomonadacean species composition in
early spring (cf. STEINBERG & HarTMANN 1986) may be used for indication of the possible
recovery of phytoplankton in the future.

Invasion of Sphagnum-mosses and other macrophytes into littoral zone has been usualy
reported as another consequence of atmospheric lake acidification (ScHiNDLER 1994). Among
the Bohemian Forest lakes such changes were documented only for Grosser Arbersee and
Kleiner Arbersee (MELZER & RoOTHMEYER 1983) so far.

Phytoplankton of the Bohemian Forest lakes have been apparently always phosphorus
limited. TP concentrations have been comparable to those in the early 1960s (PROCHAZKOVA
& Brazka 1999) in the Czech lakes also throughout the last two decades, whereas DRP con-
centrations have been usually bellow the detection limit (Vrea & al. 1996, HEjzLArR & al.
1998, Koracek & al. 20004, unpubl.). Both bedrock and soil composition governs trophic
status of the Jakes (KoriCek & al. 1998b). Moreover, biogeochemical cycle of P in these acid-
ified catchment-lake ecosystems has been affected by Al which reduced in-lake P availabili-
ty both in the water column (Kopacek & al 2000a, VrBa & al., in prep.) and sediments
(Borovec 2000). Most likely the in-lake P availability has been changing due to both acidity
progress and reversal, whereas TP loading of any particular lake has not changed within the
last 40 years.

We hypothesise that the actual phytoplankton biomass in the acidified Bohemian Forest
lakes is probably determined by the level of Al loading into a lake and by in-lake processes
controlling speciation of Al (VrRBa & al., in prep.). Despite the highest P input to Plesné Lake
(Table 4), the immobilisation of P by Al probably disabled full availability of P for plankton
growth. Thus, the total biomass (sum of phytoplankton and HMB) in Pleiné Lake averaged
only about twice higher compared to Certovo and Pragilské Lakes during the 1998 summer
(VrBa & al., in prep). This seasonal inter-lake comparison suggested that different algal spe-



cies dominated the phytoplankton of Ple3né Lake when compared with the other ones. While
the higher P input apparently favoured occurrence of small green algac and filamentous cy-
anobacteria in Pleiné Lake, dinoflagellates and chrysophytes dominated the phytoplankton
of the other two lakes, inspite of almost identical species list of all the three lakes (NEDBALOVA
& VrTiska 2000). The phytoplankton and HMB averaged 78% and 21%, respectively of the
total epilimnetic biomass in Pleiné Lake. On the contrary, much higher proportion of HMB
(63%) in Certovo Lake clearly demonstrated higher bacterial efficiency in P acquisition un-
der low TP and negligible DRP input. In Prasilské Lake, HMB (in particular filaments)
dropped temporarily during the summer from 37% to 11% as a consequence of increasing
cladoceran grazing (VRBa & al., in prep.). On the other hand, phagotrophy on bacterioplank-
ton might compensate the lack of P in some mixotrophic algae, e.g., Dinobryon (ZNACHOR &
Hrusy 2000).

Unlike most of freshwater lakes, the remarkable filamentous microorganisms have been
present in bacterioplankton of the Bohemian Forest lakes during the last two decades (not
quantified — cf. Fort & al. 1980, Ruzicka & al. 1981, Vrea & al. 1996). At present they are
usually longer than 100 pm and belong mostly to Eubacteria (RACKOVA, unpubl.), however,
aquatic micromycetes (forming typical branched mycelia) occur in plankton in some periods
as well. On the other hand, similar counts of unicellular bacteria, i.e. 10° per ml (PleSné Lake)
and 10° per ml (other Czech lakes) were found in the early 1960 (ProcHAZKOVA & BLAZKA
1999) as well as after 1979 (Ruzicka & al. 1981, VrBa & al. 1996, HeizLar & al. 1998, this
study).

Palaeolimnological analyses of lake sediments

During last two decades, palaeolimnological analyses of sediment cores have been performed
at most of the Bohemian Forest lakes (see VESELY 1994 for review, ForT & PRAZAKOVA 1994,
VeseLy 1998, 2000). Generally, evaluation of diatom, chrysophyte and/or chydorid remains,
i.e. pH inferred from their occurrence throughout a sediment profile, revealed clear evidence
of the strong atmospheric acidification of the lakes during the second half of this century
(STEINBERG & al. 1984a, ArzeT & al. 1986, Scumint & al. 1993, VESELY & al. 1993). How-
ever, the inferred pH suggested different “'starting points” of this atmospheric acidification
among the lakes. VESELY & al. (1993) documented that the inferred pH remained below 5 in
Certovo Lake at least during the past two centuries. All three Bavarian lakes also revealed
slightly acidic conditions (pH < 6) for several centuries ago. In Grosser Arbersee a continu-
ous natural acidification could be documented since ~ 9,000 B.P. (STEiNBERG & al. 1991,
STEINBERG 1991).

Sediments of Rachelsee and Grosser Arbersee indicated a temporary pH decrease below 5
already in the 19" century. This pH drop together with parallel increase of some heavy metal
concentrations in the sediment were interpreted as local effects of human activities, e.g. ore
mining and smelting, glasswork, etc. (STEINBERG & al. 1984c, 1985). Emissions from the lo-
cal industry in Bodenmais obviously caused periodical acidification of Grosser Arbersee in
the past (STeiNgeRG & al. 1984c¢). That local air pollution indeed did not affect the neighbour-
ing Kleiner Arbersee, which was apparently protected by its geographic location (ARZET &
al. 1986). On the other hand, concentrations of some heavy metals in the lake sediment, in
particular peaks of lead, indicated also certain historical remote pollution of the Bohemian
Forest lakes (VeseLY 1998, 2000). Characteristic fingerprints of polycyclic aromatic hydro-
carbons (STEINBERG & HARTMANN-ZAHN 1989) or various chlorinated organic compounds
(JurTneEr & al. 1997) could help to distinguish different emission sources.

Pollen analyses of sediment cores were performed from the following lakes: Grosser Ar-



bersee, Prasilské, Certovo, Cerné, and Rachelsee (STEINBERG & HARTMANN-ZAHN 1989,
ScumipT & al. 1993, VESeLY & al. 1993, VESELY 1998, MICHLER, unpubl., respectively). They
reflected changes in vegetation cover around the lakes and indicated human impacts on the
forest composition, e.g., certain decline of beach since the Middle Ages. VESeLY (1998) also
documented repeated periods of a forest retreat recorded in the sediment of Cerné Lake.
However, further palynological research, in particular on the other lakes, is necessary and
may help to distinguish between local impacts and more general trends in the vegetation de-
velopment in the Bohemian Forest.

Consequently, another question should be addressed to possible oscillations of natural
acidification of the lakes, which might be related to different uptake of base cations during
certain growth phases of coniferous forests. Several times higher uptake rate of base cations
has been estimated by young Norway spruce forests (from ~ 10 to 60-70 years of age) com-
pared to the older forests in Sweden (MoLpaN & al. 1999). Thus thorough evaluation of avail-
able documents on forestry practice may also help in interpretation of sediment chemistry of
the Bohemian Forest lakes (HruSka & al. 2000). Furthermore it may help to recognise and/
or separate possible impacts of climate changes.

Conclusions

The almost 130 years of limnological research of the Bohemian Forest lakes as well as our
present results show an importance of these ecosystems for further research from several as-
pects:

1. They are softwater lakes located in the catchments geologically sensitive to atmospheric

deposition of pollutants and thus representing sensitive indicators of environmental

changes.

They are situated in the vicinity of important European emission centres of S and N and

thus they are valuable sensors of both acidification and recovery from acidity.

3. Pronounced differences among the lakes in their trophic status, acidity, and microbial com-
position make possible to study biological processes and biodiversity in these unique eco-
systems.

4. Whole ecosystem studies involving atmospheric deposition, transport of ions, soil and wa-
ter compositions enable to investigate present status of nutrient availability for both ter-
restrial and aquatic biota and to predict their future development.

5. Moreover, multidisciplinary sediment analyses enable to extend this research back to the
past and to distinguish between natural (e.g., temperature variations) and anthropogenic
impacts in the forest composition and health.

6. Evaluation of both long-term data and sediment analyses also make possible better under-
standing of processes causing both natural and anthropogenic acidification and to distin-
guish between their impact on catchment soils and lake water.
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