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Abstract. We conducted a 3-year artificial deepening of the 1  Introduction
thermocline in the dimictic Lake Breisjgen, southern Nor-

way, by means of a large submerged propeller. An adjatyture global change will have many effects on terrestrial
cent lake served as untreated reference. The manipulatiognqg aquatic ecosystems. For lakes one of the major effects
increased thermocline depth from 6 to 20 m, caused a signifiy|| pe change in the thermal regime, which in turn can af-
cantincrease in the heat content, and delayed ice-on by abogéct ecosystem function and structure at all trophic levels
20 days. (Schindler et al., 1996). Many lakes in Scandinavia and other
There were only minor changes in water chemistry. Con-cool-temperate regions of the world are dimictic. Dimictic
centrations of sulphate declined, perhaps due to greater rgakes have two circulation periods (spring and autumn) and
duction of sulphate at the sediment-water interface. Concenyyg stratification periods (summer and winter). Stratification
trations of particulate carbon and nitrogen decreased, pelpccurs because of temperature-derived density differences.

haps due to increased sedimentation velocity. Water transchanges in wind- and temperature regimes affect stratifica-
parency increased. There was no significant change in conign of dimictic lakes.

centration of phosph-oru.s_, the growth—limiting. nqtrient: . Scenarios for future climate change in north temperate
There were few significant changes in principal b'0|0.g',' regions entail increases in temperature, precipitation, and
C‘,"‘I components.  Phytoplankton biomass and prOdL_’Ct'V'tystorminess. For southern Norway, for example, an ensem-
did not change, although the chlorophylleongent_ratmn .ble of global circulation models run with several emission
showed a small decrease. Phytoplankton species richness 'Yzenarios indicate an increase of annual temperature of 2—

creased, and the species composition shifted. Growth of P€30 - within the next 100 years (RegClim, 2005). Whole-lake

riphyton increased. There was no change in the rT‘"’mmphytﬁwanipulation experiments provide one of the few means by

f[:omt:pudmty. jt'hebnlanlpulaélon Q|d.fr'10t a;ﬁehg}tthetﬁoop:atr?k- which the effects of changed climate can be studied at the
on biodiversity, but caused a signiticant Shitt in the rela IVewhole-ecosystem level. A warming experiment on a whole

abun_dance (meaSl_Jred as blqmass) in the tW(_) major copepqgke’ however, would be prohibitively expensive. Manipula-
SPecies. The manipulation did not affect the |nd|.V|d.uaI .den- ion of the thermal regime of a lake by other means, however,
sity, but appeared 0 have.changed the vertical distribution 0E:an provide direct experimental information on the ecosys-
zooEer:tf:(os_. F'f.'h popurllgtmnz vvlere not affec;e(:]. ol tem response to changed water temperature. This informa-
. T de' da e 'Sho lgotr(;]p Ic anl cfearrlwatehr and the dm;\nlpl; @tion can then be used to infer the sensitivity of ecosystem
tion di notq ange the SUPPY 0T PnOSpRorus, anc thus ther,cture and function to changes in water temperature such
were only minor changes in lake chemistry and biology. Ef- ¢ <o expected with future climate change.

fects might be larger in eutrophic and dystrophic lakes in The THERMOS project THERM ocline Orientated

which internal processes are stronger.

: d Studies) was such a whole-lake experiment, in which the
Correspondence taR. F. Wright thermal regime to Lake Breisjgen, southern Norway, was ar-
(richard.wright@niva.no) tificially manipulated by deepening the thermocline during
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510 E. Lydersen et al.. THERMOS: whole-lake thermocline manipulation

The deepening of the thermocline in Lake Breisjgen was
accomplished by means of a 2-m diameter slowly-rotating
electrically-driven propeller positioned at 4-m depth below a
raft anchored in the centre of the lake (Fig. 3). The propeller
was operated during the ice-free period for three years 2001—
2003.

2.2 Site descriptions

Lake Breisjgen and adjacent Lake Store Gryta are located
several km from Oslo. They serve as reserve drinking wa-
ter supply, and thus their catchments and lakes themselves
are not subject to human disturbance except for occasional
removal of tree stems.

The lakes are dimictic, clearwater, and oligotrophic, and
thus typical for many lakes in northern boreal forest regions.
Bedrock is granitic with young, podsolic soils developed
from glacial moraine of similar mineralogy. Vegetation is
dominated by a mixed forest of pin®ifus sylvestrid..),
spruce Picea abied .) and birch Betula pubesceris) with

nderstory of blueberrpaccinium myrtillud_.) and heather
Calluna vulgarisL.).

Fig. 1. Map showing location of the studied lakes Breisjgen (ma-
nipulated) and Store Gryta (reference), southeastern Norway. Gre
line denotes catchment boundary.

_ 2.3 Sampling methods
the ice-free season by means of a large submerged propeller.

An adjacent lake, Store Gryta, served as untreated referenggeeorological data were taken from the Norwegian Meteo-
(Fig. 1). Lake thermal regime, water chemistry and all ma-y4|5ica| Institute weather station at Blindern (ca. 10 km dis-
jor ecosystem components were studied for a pre-treatment ' (iemperature, precipitation, barometeric pressure, rela-
period of three years (1998-2000) and treatment period 0f;e humidity, wind speed and direction, and cloud cover) and

three years (2001-2003). The experiment simulated a futurg g¢ation operated by the Norwegian Agricultural University
climate scenario of increased wind speed and higher temper(ca_ 35 km distant) (global radiation).

ature. The idea and design of the THERMOS project was in- Water temperature was measured at 15-min intervals by

spired by thg now-classic whole-lake experiment; CondUCte%eans of thermistor strings (20 depths in Lake Breisjgen 0.5,
at the Experimental Lakes Area (ELA), in Ontario, Canadal 23456.789 10 11.12. 13. 14. 15. 20. 25. 30. 33 m:

(Schindler, 1991). Here we report the effects of the treat-l;3 depths in Lake Store Gryta 0.5, 1, 2, 3, 4,5, 6, 7, 8, 9, 10

men_t on thermal properties_, water chemistry, primary pro-ll, 12, 15, 21 m). Discharge fr(;m,Lz;\ke, S,t07re,G’ryt:3\ \,Nas,

duction, phytoplankton, periphyton, macrophytes, ZOOpIank'measured at a weir on the outlet; areal specific discharge was

ton, zoobenthos and fish. To date THERMOS has apparentlyissumed to hold for Lake Breisjgen as well

beer_1 th? world's only_whole-lake manlpu!atlon aimed at in- Samples for chemical analysis were taken fortnightly dur-

vestigating the potential effect of future climate change. ing the ice-free season. Samples were collected by means
of 5-m length of hose to give integrated samples for depths

2  Materials and methods of 1-6, (epilimnion), 7-12 (metalimnion), and 26-31 (hy-
polimnion) m in Lake Breisjgen, and 1-6, 7-12 and 15-20in
2.1 Experimental design Lake Store Gryta. Secchi disk transparency ancc@ncen-

tration were measured in the field. Samples were analysed at
The THERMOS project was a paired whole-lake manipula-N|VA's laboratory by standard accredited methods for major
tion experiment in which one lake (Breisjgen) is manipulatedions, nutrients and organic carbon. Particulate fractions of C,
while the other (Store Gryta) served as reference. The lake|, and P were determined on material remaining on Q5
are small (0.1-0.2 k), moderately deep (20-35m) (Fig. 2), GFF filters. Dissolved organic N (org N) was calculated from

and have water renewal times of 0.5-0.8yrs (Table 1). Theneasured concentrations of the other N species and defined
lakes were monitored for 3 years prior to treatment to detergs:

mine the inherent differences between the lakes. The changes

observed during three years of treatment (2001-2003) abrg N (dissolved)= total N — particulate N— NO3 — NHy,
Lake Breisjgen were evaluated relative to the between-lake

differences in the pre-treatment period. where units are moltl.
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Fig. 2. Bathymetric maps of lakes Breisjgen and Store Gryta.

Chlorophyllw concentration was measured in the inte- Table 1. Morphologic and hydrographic characteristics of lakes

g_rated samples. Primary production was measured fortBreisjzen (manipulated) and Store Gryta (reference).
nightly at 12 depths by means HfC (Faafeng et al., 1982).

Quantitative analyses of phytoplankton were made on sub-

- ) ’ - Parameter Unit Breisjgen  Store Gryta
samples of the integrated samp!es following filtration of — - - °N cr59d  5o5ed
250 mL through a 9Qtm net. Periphyton growth was de- Longitude °E 11°01.8  10°49.8
termined monthly during the ice-free season as chlorophyll- Elevation m 248 247

tent | t | dat1l 3.5 10 d 15 . Lake surface areay, km 0.21 0.088
a contents O_n Clay pots placed at 1, 5, o, an L m n Length of shorelinel km 3.82 2.49
each lake (Lindstrgm, 1996). Macrophyte composition and  Lake volume v 1P m3 2.116 0.639
percent cover were estimated annually ak30 cm squares Maximum depthz,, m 345 22.0
310 in Lake Breisi 36 in Lake St Grvt b Mean depth; m 10.1 7.3
( In Lake breisjgen, In Lake ore Gry a) y mean_s Catchment area (incl. lake), km? 3.66 1.76
of underwater photography. Zooplankton was counted in  Mean annual runoff (1961-90) ~ mmyk 534 505
samples collected fortnightly in each of 3 composite sam- Annual outflow,0 (1998-2002) ~ 1Bm°yr~t  2.64k0.45 1.34:0.23
Theoretical water renewal time, V/Q (yr) 0.82:0.13 0.49:0.07

ples (depths 2-6m, 7-12m, and 26—31 m in Lake Breisjgen,
and 2-6m, 7-12m and 15-20m in Lake Store Gryta) fil-
tered through a 9@m mesh net. Bottom fauna was sampled
once annually (March) at 0-0.5m shore zone and 3 depths
(3-4m, 9-11m, and deepest point) in each lake. Shore zong.4 Statistical tests
samples were collected by means of a kick and net method,
while deep water samples were collected by means of 28Random intervention analysis (RIA) (Carpenter et al., 1989)
cn? diameter sediment corer. Samples were filtered througlwas used to test for statistical significance of changes that
a 250um mesh net. Fish were sampled by means of standardan be ascribed to the manipulation. RIA method is designed
Nordic gillnet series (Saksgard and Hesthagen, 2004) placedpecifically for paired-ecosystem experiments, in which one
each autumn in the lakes. Two combination nets were usececosystem is manipulated while the other serves as refer-
one with mesh sizes 21, 26, 29, 35, 40, 45 and 52 mm anénce. The method does not assume that the two lakes are
one with 10, 12.5, 16, 22, 25, 30, 38 and 45 mm, respectivelyidentical, but rather that both lakes respond similarly to
Length, weight and condition were determined. Populationnatural fluctuations. The method requires a pre-treatment
size of perch was estimated by re-catch of fin-clipped fish. monitoring period during which the inherent difference be-
tween the lakes is determined, and then a treatment mon-
itoring period. The method tests the hypothesis that the
difference between the lakes changed when the treatment
was initiated. Here RIA was used to compare paired,

www.hydrol-earth-syst-sci.net/12/509/2008/ Hydrol. Earth Syst. Sci., 12, 509-522, 2008
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gammel termoklin 5 m

ny termoklin 15 m

Fig. 3. Schematic sketch of the propeller used to deepen the thermocline in Lake Breisjgen.

chronologically-ordered samples for the six-year data recordent of the lake, and thus the lake needed more days to cool
(three years pre-treatment and three years treatment) froro freezing temperature.
the manipulated (Lake Breisjgen) and reference (Lake Store puyring the 6 years of investigation, the average thermo-
Gryta) lakes. cline depth in Lake Store Gryta, at maximum heat content,
was 5.5:0.5m. Thus, the epilimnion volume constituted
49-59% of the total lake volume. In Lake Breisjgen the ther-
3 Results mocline depth was 5:80.5 m before the manipulation, and
increased to 19:60.5 m during manipulation (Fig. 5). Thus
the epilimnion volume increased from 31-36% of the total
ake volume before manipulation to 86—-88% during manipu-
ation.

3.1 Thermal properties

During the 3 years pre-treatment autumn turnover occurre4
1-7 days later in Lake Breisjgen relative to Lake Store Gryta. ) o
The turnover in Lake Breisjgen also occurred at somewhat During the 3 pre-treatmentyears the mean epilimnion tem-
lower water temperature compared with Lake Store GrytaPerature of Lake Breisjgen was aboti€lhigher than that of

(4.81£0.43C). After the manipulation, turnover in Lake L@ke Store Gryta (Fig. 5). Lake Store Gryta is surrounded by
Breisjeen occurred 3-10 days before Lake Store Gryta, anfUch higher and steeper surroundings, which means lower
turnover occurred at a significantly higher water temperatureSUnlight exposure. This is probably the main reason for lower
(6.86+£0.35C) than before the manipulation (4:60.19C). epilimnion temperature in Lake Store Gryta. Despite the dra-

Before the manipulation, Lake Breisjgen had somewhatm""FiC increase .in th? epilimnion vqlume Of, Lake B_rgisjgen
shorter autumn turnover periods before ice-on than Lakdduring the manipulation, the lake still had higher epilimnion

Store Gryta, since autumn circulation occurred later in Lakel€MPerature than Lake Store Gryta.

Breisjgen while ice-on occurred almost simultaneously inthe  The manipulation in Lake Breisjgen increased the mean
two lakes. After the manipulation, autumn turnover occurredtemperature in the lake by 96 at time of maximum
much earlier in Lake Breisjgen and ice-on was significantlyheat content, from 10#0.4°C before manipulation to
delayed. After the manipulation the lake the turnover period17.4:1.6°C during manipulation (Fig. 5).
was 18-25 days longer than at Lake Store Gryta. Prior to manipulation both lakes had positive heterograde
Prior to treatment ice-on occurred on the same date in thé,-curves (@ maximum in metalimnion), a common condi-
two lakes. After the thermocline deepening ice-on in the au-tion in clearwater lakes with relatively shallow thermoclines.
tumn was delayed by 12-26 days in Lake Breisjgen com-During manipulation Lake Breisjgen no longer had a positive
pared with the reference Lake Store Gryta (Fig. 4). The reaheterograde @curve. The significant deepening of the ther-
son is that the thermocline deepening doubled the heat cormocline also significantly reduced the stratification stability.

Hydrol. Earth Syst. Sci., 12, 509-522, 2008 www.hydrol-earth-syst-sci.net/12/509/2008/
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Prior to manipulation Lake Breisjgen had somewhat lower
concentrations of dissolved,@han Lake Store Gryta. This B Store Gryta
is likely because Lake Breisjgen is somewhat more nutrient
rich and receives somewhat more allochthonous compounds 200 -

During manipulation the @concentration in Lake Breisjgen
increased slightly and was somewhat higher than in Lake 100 -
Store Gryta. 50 -

The three years before manipulation the Secchi-disk trans- 0 - ‘ ‘ ‘ ‘ ‘
parency of Lake Breisjgen and Lake Store Gryta was 1998 1999 2000 2001 2002 2003
7.9£1.8m and 11.41.7 m, respectively. During manipula-
tion transparency in Lake Breisjgen increased tat9.8 m, . . Oon
while it decreased slightly Lake Store Gryta to 20176 m. AB-SG ice-on and ice-off | off

length of ice-free season OBreisjgen

number of days
@
o

The manipulation caused an increase of about 3m (Table 2),

Manipulation also resulted in less pronounced seasonal vari- _§

ations in transparency. 5
-

3.2 Water chemistry E 0| 1998 1999 2000 2001 2002
(=

Lakes Breisjgen and Store Gryta are softwaters with low con- -20

centrations of solutes, moderate pH and very low concentra-
Tt concentatons are gerealy e . Toppant e oo seron (e of )
: . Lake Breisjgen (B; manipulated) and Store Gryta (S; reference).
low, and the lakes have moderately high transparency (TaBottom panel: difference in date of ice-off (spring) and ice-on (au-
ble 2) tumn).
Over the six-year period of observations there was a signif-
icant decline (p:0.001) in concentration of sulphate in both
lakes (Table 2, Fig. 6). The decline wag8qL-tyrt at  to Store Gryta. The decreased particulate matter concentra-
Breisjgen and Z.eqL~tyr~1 in Store Gryta. This is a di- tion can explain the observed decrease in turbidity (Table 2).
rect consequence of the large decrease (40-60%) in atmo- There were no significant changes in concentrations of P
spheric deposition of sulphur since the mid-1980s. A simi-species in Lake Breisjgen relative to Lake Store Gryta fol-
lar reduction has been well documented in acidified lakes inowing treatment. However, the C/P ratio of particulate mat-
Norway (Skjelkéle et al., 2001). There was also a small de-ter decreased during treatment (Fig. 11). This is most likely
cline (3;.eqL~*yr~1) in the concentration of chloride (Cl) due to increased light limitation of the phytoplankton, and
in both lakes, probably due to lower inputs of seasalts inshifts towards more mixotrophic algae (see below).
precipitation over this period. There were no significant de-
creases in concentrations of base cationg{Ceg?t, Nat, 3.3 Biology
K*). The decline in concentrations of strong acid anions
SOs and Cl in Lake Breisjgen was in part matched by a3.3.1 Phytoplankton
small (5.4ueq L~ yr—1) but significant (g0.05) increase in
acid neutralising capacity (ANC). There was no statistically- Algal biomass and primary production were quite low in
significant trend in ANC concentration in Lake Store Gryta. the lakes (Table 3). The phytoplankton community structure
The manipulation resulted in only minor changes in watershowed a quite even distribution of the different classes, and
chemistry. Tests by Random Intervention Analysis (RIA) re- their relative distribution was very similar in the two lakes
vealed that the 3-years of thermocline manipulation causedefore the manipulation (Fig. 9). Even distribution of algal
only minor changes in concentrations of major ions in Lakeclasses is quite commonly observed in oligotrophic lakes in
Breisjgen relative to Lake Store Gryta (Table 2). Sulphategeneral. The total algae biomass was lowd(2 mg/L, Ta-
concentrations decreased (Fig. 6), ammonium concentrable 3). Highest biomass was found in the metalimnion of
tions increased, and pH concentrations increased in Lakéoth lakes, and caused positive heterogragp@files.
Breisjgen relative to Store Gryta. The manipulation of Lake Breisjgen caused only minor
The manipulation also resulted in changes in concentrachanges in phytoplankton production. Random Intervention
tions of carbon and nitrogen species in Lake Breisjgen rel-analysis (RIA) indicates that the manipulation did not signifi-
ative to Lake Store Gryta (Table 2). Concentrations of totalcantly change phytoplankton biomass in Lake Breisjgen (Ta-
organic carbon (TOC) decreased (Fig. 7), mostly due to deble 3), although the epilimnion biomass decreased (Fig. 9).
creased concentrations of particulate organic C (Fig. 8). Par- Both lakes had a primary production peak in May (spring
ticulate organic N also decreased in Lake Breisjgen relativanaximum), a decline in June, and one or two summer/early

www.hydrol-earth-syst-sci.net/12/509/2008/ Hydrol. Earth Syst. Sci., 12, 509-522, 2008
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Table 2. Chemical and physical characteristics of lakes Breisjgen (B) and Store Gryta (SG). Values are whole-lake volume-weighted mean
concentrationg standard deviation based on samples collected fortnightly or monthly during the ice-free season. Pre-treatment 1998-2000;
treatment 2001-2003. Also shown are differences in concentrations in Breisjgen (B) relative to Store Gryta (G), and change in difference for
the 3 treatment relative to 3 pre-treatment years. The change ascribable to treatment was tested by Random Intervention Analysis. Statistica
significance: NS not significant; *40.1; ** p<0.05; *** p<0.01.

Parameter Unit pre (1998-2000) treat (2001-2003) Change treat-pre delta B-SG RIA
n B SG n B SG B G pre treat  treat-pre  signif
cond mSml 42  3.1H0.13 3.230.15 32  2.760.06 2.86:0.11 -035 -0.37 -0.12 -0.11 0.01 NS
pH 42  6.65:0.26 6.730.37 32 6.720.14 6.73:0.25 0.07 0.00 -0.08 -0.01 0.07 ik
Ca peqlLl 23 134+7 1319 20 125+13 12114 -9 -10 3 4 1 NS
Mg peql1 23 533 60+4 20 494 56+6 —4 —4 -7 -7 0 NS
Na peqlLl 23 TH4 835 20 TH2 T4 -6 -6 —6 —6 0 NS
K peql1 23 +1 8+1 20 A0 8+0 0 0 -1 -1 0 NS
Cl peql™l 23 55+6 55+6 20 45+2 4443 —10 -11 0 1 1 NS
SOy peql1 23 11Gt10 1149 20 84+5 90+4 —26 —24 —4 -6 -2 ik
NO3 peqll 39 5.2£1.9 4.9t1.6 31 7.41.7 6.9+1.7 2.2 2.0 0.3 0.5 0.2 *
NHg peql1 42 0.40.4 0.6£0.2 32 0.2:0.4 0.6t0.2 0.2 0.0 0.1 0.3 0.2 ok
Alkalinity peqlLl 42 THT 8H9 32 78t9 87+14 1 -2 -12 -9 3 NS
ANC peqlL1 23 10Gt8 10410 20 11319 119+22 13 12 -7 -5 2 NS
total N pmolL™1 42 16.A1.9 13.3t1.6 32 18.&2.1 15.9:1.9 2.1 2.6 34 2.9 -0.5 **
org N umolL~1 39 9.9+2.9 7121 31 16:0.8 8.3t1.1 0.1 1.2 2.8 1.7 —-1.1 il
part N pmolL™1 42 2.4+0.8 1.6:0.5 32 2.6:0.9 1.7#0.7 -0.4 0.1 0.8 0.3 -0.5 ik
total P umolL~1 42 0.10:0.02 0.0&0.01 32  0.080.02 0.03£0.04 -0.02 -0.04 0.03 0.05 0.02 NS
part P pmolL~1 42 0.08:0.01 0.06:0.01 32  0.080.01 0.02£0.01 -0.02 -0.04 0.02 0.04 0.02 NS
POy umolL~1 42 0.02:0.01 0.0#0.01 32  0.020.02 0.010.01 0.00 0.00 0.01 0.01 0.00 NS
TOC pmolL=1 42 225+33 158+25 32 22827 168+18 3 10 67 60 -7 rk
part C umolL=1 42 2H6 2043 32 23t4 21+3 -4 1 7 2 -5 ik
Secchidisk m 42 781.8 11.91.7 38 9.81.1 10.#1.6 1.9 -1.2 —-40 -09 31 ik
Turbidity FTU 42  0.52£0.18 0.36:0.17 32  0.420.08 0.44:0.08 -0.03 0.08 0.16 0.05 -0.11 e
Colour mgPti-l 42 9.5:3.5 6.2£2.6 32 10.53.0 6.#1.9 1.0 0.5 3.3 3.8 0.5 NS
uv OD254nm 42 0.072£0.016 0.054:0.013 32 0.0880.015 0.0540.011 0.003 0.000 0.023 0.026 0.003 bl

autumn maxima. The manipulation caused no change in priconspicuous changes were the decrease of autotrophic algal
mary production in Lake Breisjgen relative to Store Gryta classes, such as chlorophytes and diatoms, and the increase in
(Table 3). the mixotrophic dinoflagellates. The chlorophytes decreased

Lake Breisjgn did not show any change in chloroplayll- from 26 to 16 mgm? in Lake_Breisjzen, in contrast to the
during the manipulation. In the reference Lake Store Grytalcrease from 28 to 38 mgT# in Lake Store Gryta. The di-
the chlorophylla concentration increased slightly (Table 3). &toms decreased in both lakes, but more so in Lake Breisjgen
The biomass-specific chlorophyli{per unit algal volume) than Lake S:;[qre Gryta. T_hg dinoflagellates mcrease_d from 28
showed clear seasonal and vertical variations in both laked® 41 mgnT~ in Lake Breisjgen, whereas they remained un-
In Lake Store Gryta it increased successively with depth fromchanged in Lake Store Gryta.
the lake surface to the lake bottom. The average chlorophyll- The cyanobacteria increased slightly in both lakes but they
a content was about twice as high in the hypolimnion (15—never exceeded 5% of total biomass, probably due to the se-
20m) as in the epilimnion (0—6m). This is most likely vere P-limitation in both these lakes. The chrysophytes did
due to photo adaptation. The same tendency of increasingot change after mixing in either lake, but were important
chlorophyllu/algae volume ratio by depth was also observedcomponents (25-30%) of the phytoplankton community in
in Lake Breisjgen, but at the largest depths (26—31 m) the raboth lakes both before and during treatment.

tio decreased again. Among the Dinophyceae, an increasePeridinium um-
There are several indications of qualitative changes inbonatum(old name: P. inconspiciuumwas observed after
phytoplankton species composition during the manipulationthe manipulation in Lake Breisjgen. Also two other species
(Fig. 9). There was a slight decrease in phytoplanktonincreased after the manipulation, i®@ymnodinium uberri-
biomass in the epilimnion during the treatment years com-mumand Gymnodinum lacustre A decrease in the algae
pared to the pre-treatment period in Lake Breisjgen, whereabiomass of Chlorophyceae was recorded after the manip-
in the reference Lake Gryta, the phytoplankton biomass in-ulation, with Oocystis submarina. variabilis and Mono-
creased slightly. The taxonomic composition also changedaphidium griffithiias the most common species. The diatom
in Lake Breisjgen compared to Lake Store Gryta. The mosiCyclotella Kitzingianawas the predominant species in both
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Fig. 5. Thermocline depth, epilimnion temperature and mean lake temperature at lakes Store Gryta (reference; left-hand panels) and Breisjger
(treatment; right-hand panels) during the ice-free periods prior to treatment 1998—-2000 and treatment (2001-2003).

lakes, but in both lakes a decrease was observed from 1998hyton increased, both in terms of dry weight (mg&mnand
to 2003. The manipulation in Lake Breisjgen accelerated thishlorophylla (g cm2) (Table 3). The largest nominal in-
decline. crease was observed in the depth interval 1-3 m. The largest
There was a slight increase in the number of phytoplank-percentage increase, however, was found at 10 m depth, but
ton taxa after the thermocline deepening. Before the maniphere the biomass was much lower. Both lakes showed a clear
ulation 104 species/genera were recorded in Lake Breisjgetendency of increasing chlorophyll-content in periphyton
compared with 83 in Lake Store Gryta. During the manipu- by depth. A small increase in the chlorophylleoncentra-
lation, the total number increased to 109 in Lake Breisjgention was documented in Lake Breisjgen during the thermo-
while decreased to 77 in Lake Store Gryta (Table 4). cline deepening.

3.3.2 Periphyton 3.3.3 Macrophytes

Periphyton biomass (as determined by growth during onePrior to the manipulation the most significant difference be-
month on an artificial surface) was also low in both lakes.tween the lakes was in the macrophyte community. The
The lakes had almost the same species composition of pdakes differed with respect to bottom substrate and depth pro-
riphyton, with Bacillariophyceae species as the dominantfile characteristics. But most important was probably the
class. After the manipulation the growth potential of peri- fact that in the years prior to 1998 extraction of drinking
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Fig. 6. Volume-weighted, whole-lake concentrations of sulphate _.

in Lakes Breisjgen (treatment) and Store Gryta (reference) (uppe '9. /. Vglum_e}-(\;vglghtlc_sdl,( tho Ie.- nge C(t)nccintrattlons do;ttotaIGor-t
panel) and difference in concentrations during the ice-free seaso?amc carbon ( ) in Lakes Breisjgen (treatment) and Store Gryta

over 6 years (lower panel). Treatment began in 2001. ref_erence) (upper panel) and difference in concentrations during
the ice-free season over 6 years (lower panel).

water from Lake Breisjgen resulted in fluctuations of the

water level. There was no extraction of drinking water in

years subsequent to 1998incus bulbosupredominated in , i ) ,

Lake Breisjgen and was found down to approximately 4mConc.)ch|lus unicornisvas tota}lly dom|r_1ant. CIadoc.era_ns
depth. The lower limit at 4 m is unusual and is probably duedominated the zooplankton in the epi- and meta-limnion,
to the water level fluctuations and better light conditions in WNilé copepods dominated in the hypolimnion. One differ-
Breisjgen compared to othduncuslakes. Luronium natans ence between the _Iakes was the relatively Iarg_e population
was fairly common in Breisjgen with a patchy distribution ©f Paphnia galeatan Lake Store Gryta, a species not ob-
at 0.5-3.5m depth. It appeared both flowering with float- served in Lake Brelsm_en. Corres_,pon_dlngly, Lake .Bre|SJr25en
ing leaves and with submerged rosette leaves. The specié‘éosted a 9000' population 8faphnia cristata a Species ",‘Ot )
is one of the most endangered aquatic plant species in Noi2PServed in Lake Store Gryta. The 3-year manipulation in
way (DN 1999), as well as in rest of Europe. The speciesLake Breisjgen did not affect the zooplankton biodiversity in
is only known from 5 lakes nearby Oslo. In Lake Store the lake.

Gryta the macrophyte community was dominated by scat- ] ]
tered stands of nymphaeides, primafigtamogeton natans The total biomass of zqoplankton (Table 3) was low in
Nuphar luteaandNymphaea albaoll. Isoetids were not ob- both lakes. Zooplanktoq biomass was generally higher than
served in Lake Store Gryta, while 5 species of isoetids werd?hytoplankton biomass in both lakes. The fact that the zoo-
found in Lake Breisjgen. There were no changes in macroPlankton biomass is larger than the phytoplankton biomass

phytes that could be ascribed to the manipulation. indicates that the zooplankton must also feed on bacteria and
detrital particles. Phytoplankton and zooplankton together,
3.3.4 Zooplankton constituted only about 10% of the particulate carbon pool in

the free (pelagic) water body of the two lakes.
The composition of zooplankton was very similar in the
two lakes. Lake Breisjgen hosted a few more species than Although the manipulation caused no significant change
Lake Store Gryta. In Lake Breisjgen 8 cladoceran speciesin the total biomass of zooplankton, there was a significant
7 copepod species and 17 species of rotifers were foundp<0.1 level) decrease in cladocera biomass and an increase
while in Lake Store Gryta, 7 cladoceran species, 8 copepodn copepod biomass in Lake Breisjgen relative to Lake Store
species and 13 species of rotifers were recordgdsmina  Gryta (Table 3, Fig. 10). This shift was primarily due to a
longispina and Holopedium gibberunwere the dominant decrease in the relative abundance of the cladod&amina
cladocera, whil§ hermocylops oithonoidesmdCyclops scu-  longispinaand an increase of the copep®tiermocyclops
tifer were the dominant copepods. Among the rotifers, oithonoides
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Fig. 8. Volume-weighted, whole-lake concentrations of particulate

organic carbon (part C) in Lakes Breisjgen (treatment) and Store
Gryta (reference) (upper panel) and difference in concentrations Changes in selected phytoplankton classes
during the ice-free season over 6 years (lower panel).

3.3.5 Zoobenthos 35 |

The benthic fauna in both lakes was dominated by chirono-
mids (Chironomidaea) with lesser numbers of ostracods (Os-
tracoda) and oligochaetes (Oligocheeta). In the lake shore
habitats with vegetation, chironomids predominated in both

25 @ Dino
m Chloro

biomass, mg m*
N
o

lakes and there were on the average 2800 individual$ m 10
in Lake Breisjgen and 1600 individuals #in Lake Store 51
Gryta. 0

Breisjgen -pre  Breisjgen -  Store Gryta  Store Gryta

The manipulation did not affect the abundance (density of post ore post

individuals), but appeared to change the vertical distribution
of zoobenthos. Before the manipulation the highest densities
were recorded at stations located at a depth of 10 m, whildig. 9. Upper panel: Whole-lake volume-weighted biomass of ma-
after the manipulation the highest densities were recordedPr 9roups of phytoplankton in Lakes Breisjgen and Store Gryta
at 34m. This change in zoobenthos biomass distribution id" the ice-free seasons pre-treatment (1998-2000) and treatment
probably linked to the increase in concentration of phyto- (2001-2003). Lower panel: Changes in biomass of Dinophyceae
. .__and Chlorophyceae.
plankton and zooplankton at greater after the manipulation.

In Lake Store Gryta in all six years the highest density of

benthos was recorded at the depth interval 4-10m. _ the manipulation. This might have resulted in larger densi-
During the manipulation, the abundance of chironomidsties of nauplius larvae of this species in the sediments, and

and oligochaetes decreased in Lake Breisjgen, while the derihereby recorded as an increase of copepods in zoobenthos.
sity of cyclopoid copepods and ostracods increased. In Lake

Store Gryta chironomids decreased slightly, oligochaetes de3.3.6 Fish

creased, and ostracods decreased moderately. Cyclopoid

copepods, on the other hand, increased. During the manipuBoth lakes host healthy populations of brown tro8almo
lation in Lake Breisjgen there was a clear reduction in den-trutta) and perch Rerca fluviatilig. As determined by re-
sity of oligochaetes and increased densities of both cyclopoictatch of fin-clipped perch, the perch population was signifi-
copepods and ostracods compared with the Lake Store Gryt@antly larger in Lake Breisjgen (about 50—70 individuals/ha)
The increase of cyclopoid copepods might be linked to the in-than in Lake Store Gryta (14-16 individuals/ha). Lake Store
crease in the zooplanktdorhermocylops oithonoideturing Gryta had a larger brown trout population. Both lakes had
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OCladocera A longer turnover period might be of significance for many
lakes, especially warm and eutrophic lakes, since increased
-20 circulation increases the possibility of oxygen saturation in
the entire lake water profile (Danis et al., 2004). At Lake
Breisjgen the manipulation resulted in autumn turnover at
a significantly higher water temperature, and this may re-
duce the oxygenation since the solubility of gases is lower
at higher temperature. Overall, however, improvegt O

minor populations of arctic charSalvelinus alpinysand ~ Saturation should be expected, since ice-on also occurred at
minnow (Phoxinus phoxinys The 3-year manipulation had @ lower mean temperature after manipulation.

no significant effect on the size, condition factor or popula- Both lakes are oligotrophic, clearwater lakes with low
tion density of perch and brown trout. amounts of allochthonous and autochthonous organic mat-

ter. Since both lakes also are dimictic (turnover both during

spring and autumn), the conditions for dissolved molecular
4 Discussion O are generally good. Both lakes had positive heterograde

O2-curves (@ maximum in metalimnion), a common condi-
The rather dramatic manipulation of the thermocline at Laketion in clearwater lakes with relatively shallow thermoclines.
Breisjgen resulted in large changes in thermal properties buinder such conditions the compensation depth for primary
surprisingly few and only small changes in water chemistry producers is located below the metalimnion. The compen-
and biology. That the effects were absent or minor was apparsation depth is primarily dependent on light conditions, and
ent from visual inspection of the data. This general impres-is defined as the depth at which primary production equals
sion was supported by the statistical test, Random Intervenrespiration. At the compensation depth the assimilation of
tion Analysis, which indicated only a few significant effects carbon by primary producers is equal to metabolism of car-
that could be ascribed to the manipulation. RIA is one ofpon. Lakes with positive heterograde-Profile normally
the few tools available for testing the “before-after-control- have high stratification stability and are not very wind ex-
impact” (BACI) experimental design used here in THER- posed. The main reasons for heterogradecGrve are high
MOS. Murtaugh (2002) points out that RIA should be used photosynthesis activity in metalimnion, a preferred depth for

with caution as it can indicate significant effects in casesmany algae because of the combination of good light and nu-
where no intervention was made. He suggests that graphitrient conditions.

cal displays, expert judgment and common sense be used to
make plausible interpretations of paired time series data.

4 1998

1999

ug L dw

Fig. 10. Whole-lake volume weighted biomass of major groups of
zooplankton in Lakes Breisjgen and Store Gryta 1998—-2003.
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Table 3. Key biological characteristics of the manipulated Lake Breisjgen (B) and reference Lake Store Gryta (SG). Values are whole-lake
volume-weighted meang standard deviation based on samples collected fortnightly or monthly during the ice-free season. Pre-treatment
1998-2000; treatment 2001-2003. Also shown are difference in Breisjgen relative to Store Gryta, and change in difference for the 3 treatment

relative to 3 pre-treatment years. The change ascribable to treatment was tested by Random Intervention Analysis. Statistical significance
NS not significant; * p<0.1; ** p<0.05; *** p <0.001.

Parameter Unit pre (1998-2000) treat (2001-2003) Change treat-pre delta B-SG RIA
n B SG n B SG B SG pre post  post-pre  signif
chl-a ngl™1 42 157045 1.0#0.20 32 152056 1.3%¢0.26 0.02 0.29 056 029 -0.28 ok
phytoplankton biomass g wet weight -1 42 14160 11444 38 14557 12G+41 5 10 30 25 -5 NS
primary production mgCm? day ! 42 7149 5738 38 7346 63+33 2.7 6.1 13 10 -3 NS
periphyton growth, 1-3m mg dry weight 125cfmmo! 14 44+26 61+45 15 5730 35+21 13 —26 —22 23 44 ok
periphyton growth, 5-10m  mg dry weight 125cfhmo! 14 24+7 39+42 15 3925 15+7 15 —24 —15 24 39 il
zooplankton biomass ug dry weight L1 21 39+23 36+18 21 2914 35+17 -101 -17 27 57 -84 NS
cladocera g dry weight L1 21 26+18 25+16 21 1111 23t14 —-155 -2.6 08 -121 -129 *
copepoda ng dry weight =1 21 8.44.1 9.3:3.8 21 9.6:5.0 7.6:3.2 0.9 -17 -0.6 2.0 2.6 *
rotifera g dry weight L1 21 4.2+4.1 1.A#1.2 21 8.49.9 4.4:6.1 4.5 2.7 25 4.3 1.9 NS

After manipulation Lake Breisjgen no longer had a posi- cline implies higher sedimentation velocity in the upper 10 m
tive heterograde @curve. The significant deepening of the during the manipulation. The lower concentrations of partic-
thermocline also significantly reduced the stratification sta-ulate C and N suggest that the manipulation enhanced the
bility. The elimination of the positive heterograde-@urve  sedimentation velocity of particulate matter.
was also expected as it is normally a consequence of pho- A |arge increase in the biomass of Cyanophyceae was
tosynthesis activity near the thermocline, and a significantlyrecorded in both lakes in 2002, with a significant peak in
deeper thermocline entails significant reduction in light andjate August. This peak was probably a direct effect of the ex-
thereby primary production and subsequent increasezin Otremely warm August and September. The increase was pri-
from photosynthesis activity. marily due to the specidderismopedia tenuissima com-

In general Lake Breisjgen had slightly lower concentra- mon species in oligotrophic lakes with biomass maximum in
tions of dissolved @than Lake Store Gryta. This is likely autumn, often linked to high temperatures. These observa-
because Lake Breisjgen is somewhat more nutrient rich antgions imply that the year-to-year natural variations in climate
receives more allochthonous compounds. After manipula-were larger than those caused by the manipulation.
tion the G concentration in Lake Breisjgen increased and  The phytoplankton biomass in the epilimnion decreased in
was slightly higher than in Lake Store Gryta. The main the manipulated Lake Breisjgen relative to Lake Store Gryta.
reasons are increased inputs of kinetic energy (caused byhis is probably related to the increased light limitation in
the propeller), lower thermal stability with greater opportu- the much deeper epilimnion of the mixed lake. The top-down
nity for mixing, and much longer autumn turnover periods, control from zooplankton should be expected to decrease in
i.e. earlier turnover and later ice-on. In more nutrient- or | gke Breisjaen, due to the decrease in relative abundance of
humic-rich lakes, however, a significantly larger increase incladocerans (Fig. 10). This should have caused the phyto-
dissolved @ would be expected after a similar thermocline plankton biomass to increase rather than decrease. The ob-
deepening. served decrease thus probably would have been even greater

The observed relatively lower concentrations of;SDd if the grazing pressure from zooplankton had been the same
higher pH (Fig. 6, Table 2) can be explained by increasedas before treatment. The decrease in phytoplankton biomass
microbiological activity at the sediment-water interface, in- after artificial mixing and increased light limitation has also
cluding increased reduction of g@nd increased ammonifi- been observed in enclosure experiments (Diehl et al., 2005).
cation, induced by greater degree of circulation of the waterThe light limitation of the phytoplankton may also be re-
mass and a larger sediment surface in contact with the mixeflected in the particulate C/P ratios in the two lakes; Lake
epilimnion. Breisjgen had lower C/P-ratios relative to Lake Store Gryta

The increased transparency may be caused by changes #ring the treatment years (Fig. 11). This effect on producer
vertical distribution of algal biomass. Before the manipula- Stoichiometry was also observed in an enclosure study with
tion the transparency was affected by the algal maximum lo-2rtificial mixing (Diehl et al., 2005).
cated in the thermocline area. During the manipulation, how- The changes in the taxonomic composition with higher
ever, the Secchi depth was located above the thermoclindgiomass of the mixotrophic dinoflagellates and lower
and the distribution of algae in the water profile was morebiomass of the autotrophic chlorophytes and diatoms, were
uniform. Alternatively the increase in Secchi depth may beprobably also a result of increased light limitation during
due to a decrease in number of particles; the lower thermomixing in Lake Breisjgen. This increased light limitation
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Table 4. Numbers of taxa of phytoplankton observed in each of 1. The manlpul.atlon caysed a S,”_]a” .reductlon in total phy-
several major classes in Lakes Breisjgn and Store Gryta during  tOPlankton biomass in the epilimnion, and thus reduced

the 3-year periods pre-treatment (1998-2000) and treatment (2001~  the competition for nutrients, particularly phosphorus,
2003). + indicates species first recorded after 2000; — indicates ~ between the benthic algae and the phytoplankton. This

species not recorded after 2000-algal species come in addition might increase the potential for increased periphyton
but were not identified to the species level. biomass.
Breisjgen Store Gryta 2. _Before _the man|pulat|_on, Lak_e Breisjgen had a s_|gn|f-
icant primary production maximum at the depth inter-
98-00 01-03 98-00 01-03 | 5-6m. During th ioulation thi )
Class pre 4+ — teat pre  + — treat val 5-6 m. During the manipulation this maximum was
Blue.green algae 6 s 1 8 1 s 1 3 eliminated. Th|s elimination may have favoured peri-
Cyanophyceae phyton growth in the uppermost lake depths as the phy-
Dinoflagellates 9 1 4 6 7 11 7 toplankton biomass has decreased at these depths.
Dinophyceae
g[ﬁ;ﬂ‘);’?yiiae % 1B 48 ® 7 6 Z 3. The epilimnion volume of Lake Breisjgen increased
Yellow-green algae 2 0o 0 2 2 0 0 2 substantially during the manipulation, which meant
éaflghop'}yceae ” s 6 o6 . s 6 o larger access to nutrients as long as the concentrations
olden algae . . .- .
Chrysophyceae of nutrients are unchanged in the epilimnion.
Diatoms 12 4 1 15 13 1 6 8 ) ) )
Bacillariophyceae 4. Increased circulation (water movements) during the ma-
Cryptomonads 6 1 1 8 6 0 1 5 nipulation reduced the diffusion gradient, causing in-
Cryptophyceae d t trient
Euglenophytes 1 o o 1 1 o o 1 creased access to nutrients.
Euglenaphycea . L
5. Mean temperature and heat content increased signifi-
Total 104 27 22 109 83 15 21 77

cantly in depth interval 1-10 m, after the manipulation.
Increased temperature stimulates primary production.

A small increase in the chlorophydl-density in periphyton

provides a competitive advantage to the mixotrophic algae'Vas documented in Lake Breisjgen during the thermocline

which can obtain carbon and other nutrients from feeding ond€€Pening. Investigations from Norway show that about 0.1~

_ 2 .
bacteria in addition to their autotrophic light-dependent pri- 1-0/g chlorophylla cm™ monthly accumulates on ceramic
mary production. pots in oligotrophic, clearwater lakes (Lindstrgm, 1996).

. . . Monthly accumulation>2 g cnm—2 was measured in Lake
The increase in chlorophyil-contentin the phyt_oplankton . Breisjgen at 3 m depth, during the manipulation. This might

. . - "be an effect of changes in the species composition of the pe-
able primary production down to depths where it is no Iongerriphyton community, but this was not investigated.

energetically favourable to increase the chlorophyll content The species composition of zooplankton in the two lakes

In algae cells. Th_e increase in chiorophyll compensates f%vas characteristic for oligotrophic lakes in southeast Norway
the light attenuation by depth, but at a certain depth th's(WaIseng and Karlsen, 2001). The total biomass of zoo-

strategy is no longer energetically profitable. This depth is lankton (Table 3) was low in both lakes, as a direct con-

probably close to the compensation depth, which is normall)}s)equence of low phytoplankton biomass and primary pro-

around twice the Secchi-disc depth, which means about 20 Muction. One difference between the lakes was the relatively

in both lakes. This fits well with the changes in chlorophyll- large population oDaphnia galeatain Lake Store Gryta,

alalgae ratio by depth in the both lakes. Lake Store Grytaa species not observed in Lake Breisjgen. Correspond-

had an increase in this ratio down to the bottom of the lake. g . )
at 22 m, while a reduction in the ratio was observed in Lakemgly' Lake Breisjgen hosted a good populatiorDaiphnia

. . cristata, a species not observed in Lake Store Gryta. This
Breisjgen at the depth interval 26-31m. The fact that the . ;
thermocline depth in Lake Breisjgen during the manipula difference may be caused by a stronger predation pressure

. . “from planktivorous fish in Lake Breisjgen relative to Lake
tion was about equal to the compensation deptB@Qm), P J

. : . . _Store Gryta.
might be an important reason why only minor changes in There are good indications thafThermocyclops
algal biomass were observed.

oithonoides was favoured by the thermocline deepen-
cate better conditions for biological opportunism as a resultang thus effectively protected against predators. The low
of the increased turbulent mixing caused by the manipulapredator pressure permits this species to be present in

tion. the pelagic zone. The increase Tn oithonoidesduring
Increased growth potential of periphyton (benthic algae)manipulation might be due to higher temperatures which
during the manipulation may have several causes: favour an increased number of reproduction cycles per year.
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At higher altitudes and in large cold lakeg, oithonoides 5 Conclusions

has normally only 1-2 generations per year. This species

is primarily present below the postglacial marine limit in The dramatic manipulation of the thermocline at Lake
southeast Norway. However, this species and its “twinBreisjgen resulted in large changes in thermal properties but
species”Mesocylops leukartare among the most common surprisingly few and only small changes in water chemistry
European species of cyclopoid copepods, &hdleukarti and biology. The epilimnion was deepened, stratification sta-
is distributed more widely also in southern Norway. Thus, bility was reduced, autumn turnover occurred at a signifi-
changes in biomass and number of reproductive cycles pegantly higher water temperature, and ice-on was delayed by

year for these two copepods might be a useful indicator ofseveral weeks. After manipulation Lake Breisjgen no longer
climate-induced effects in many lakes. had a positive heterograde@urve. The lakewater became

more transparent, apparently because of changes in the verti-
cal distribution of algal biomass. The lower concentrations of
The deepening of the thermocline in Lake Breisjgen fromparticulate C and N suggest that the manipulation enhanced

5-6m down to about 20m significantly changed the verti- the sedimentation velocity of particulate matter.
cal distribution of zooplankton. As all samples were col-  The phytoplankton biomass in the epilimnion decreased
lected during the day, vertical day/night migrations did notin the manipulated Lake Breisjgen. This was probably re-
influence the routine samples. The routine samples can thugted to the increased light limitation in the much deeper
be used to infer year-to-year variations. During the ma-epilimnion of the mixed lake. The changes in the taxo-
nipulation, a much larger amount of zooplankton was 10- nomic composition with higher biomass of the mixotrophic
cated deeper in the lake. While cladocerans and copepodinofiagellates and lower biomass of the autotrophic chloro-
showed a clear increase in biomass in the depth interval 26-phytes and diatoms, were probably also a result of increased
31m, during the manipulation in Lake Breisjgen, the rotifersjight limitation during mixing. The increase in phytoplank-
showed an increase in the depth intervals 7-12m and 13ton species richness suggests better conditions for biologi-
18 m. The different location maxima by depth for different cal opportunism as a result of the increased turbulent mixing
taxonomic groups of zooplankton might be due to different caused by the manipulation. There are good indications that
selection of food, different predator pressure, variation in mi-zooplankteThermocyclops oithonoidegas favoured by the
gration properties and variation in other environmental fac-thermocline deepening.
tors influenced by water temperature (Diehl et al., 2005). The fact that the lake is oligotrophic and clearwater is

likely the main reason for the only minor changes in lake

The fact that the lake is oligotrophic and clearwater is _chem|stry and biology. Despite relatively minor changes dur-

likely the main reason for the only minor changes in lake ing the 3 years of manipulation, there were many indications

. . . . . of the beginnings of possible longer-term changes in lake bi-
chemistry and biology. In oligotrophic lakes inputs from the L : . o
. ology. Additional years of manipulation and monitoring are
lake catchment almost totally determine lake water chem—re Lired to reveal possible lona-term effects and the subse-
istry. Internal lake biogeochemical processes are too weak tQ uqent conse uencgs for the Iakge ecosvstem
have major impacts. In more eutrophic and dystrophic Iakes,q q y '
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shift from autotrophic to more mixotrophic phytoplankton, a pepartment of Limnology, University of Oslo (N. T. Dahl,
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in the relative abundances of various organism groups and

species. That the macrophyte and fish communities did noEdited by: P. Dillon and R. F. Wright

change significantly may be due to the short duration of the

experiment (3-years) relative to the response time of these

organisms. Additional years of manipulation and monitor-

ing are required to reveal possible long-term effects and the

subsequent consequences for the lake ecosystem.
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