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Abstract

Eighteen shallow lakes in The Netherlands were subjected to biomanipulation, i.e. drastic reduction of the fish
stock, for the purpose of lake restoration. The morphology and the nutrient level of the lakes differed, as did
the measures applied. In some lakes biomanipulation was accompanied by reduction of the phosphorus loading.
In all but two lakes, the Secchi disk transparency increased after the fish removal. Eight lakes (no phosphorus
loading reduction, except for one lake) showed a strong and quick response to the measures: the bottom of the lake
became visible (‘lake bottom view’) and there was a massive development of submerged macrophytes. In eight
other lakes the water transparency increased, but lake bottom view was not obtained. In the biomanipulated lakes
the decrease in total phosphorus and chlorophgihd the increase in Secchi disk transparency were significantly
stronger than the general trend occurring in Dutch lakes where no measures had been taken. The improvement in
the Secchi depth and chlorophyliwas also stronger than in lakes where only the phosphorus load was reduced.
The critical factor for obtaining clear water was the extent of the fish reduction in winter. Significant effects were
observed only aftes 75% fish reduction. Success seems to require substantial fish manipulation. In such strongly
biomanipulated lakes, wind resuspension of the sediment never prevented the water from becoming clear. No
conclusion can be drawn with respect to the possible negative impact of cyanobactdeanoysison grazing

by Daphniaand consequently on water clarity. In all lakes where there had been a high density of cyanobacteria
or years with a high density dleomysisther factors such as insufficient fishery may explain why lake bottom

view was not obtained. In all lakes with additional phosphorus loading reduction the fish stock has been reduced
less drastically (15-60%). In these lakes the effects on transparency were less pronounced than in the lakes with
> 75% fish removalDaphniagrazing seems responsible for spring clearing in all clear lakes but one. In three
lakes the reduction of benthivorous fish also increased the transparency. The factors that determine water clarity
in summer are less obvious. In most clear lakes a low algal biomass coincided with a macrophyte coverage of
more than 25% of the lake surface area. However, it was not clear what mechanism caused the low algal biomass
in summer, although inorganic nitrogen concentrations were regularly found to be veradmivniagrazing in

open water seemed to be of little importance for suppressing the algal biomass in summer. Although in most lakes
the total phosphorus concentration decreased after the biomanipulation, the dissolved phosphorus concentration
remained too high to cause phosphorus limitation of the algal growth. In four out of six clear lakes for which there
are long-term data the transparency decreased again after 4 years. In one lake with lower nutrient levels the Secchi
disk transparency increased over the years. However, the number of lakes with low nutrient levels is too small for
conclusions to be drawn regarding the impact of nutrient levels on the stability of the clear water state.

Introduction ation was introduced by Shapiro in 1975 (Shapiro et
al., 1975). It is only in the past ten years that the
Biomanipulation as a possible method of lake restor- technique of biomanipulation has become more gener-
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ally applied in water quality management (Carpenter Dutch lakes. Furthermore the following questions will
& Kitchell, 1993; Hansson et al., 1999; Meijer et be discussed: (i) How does successful biomanipula-
al., 1994; Hosper, 1997; Jeppesen, 1998; Perrow ettion work? (ii) Can we explain the lack of success in
al.,, 1997; Philips & Moss, 1994; Van Berkum et the other lakes? and (iii) What factors determine the
al., 1995). The first experiments with biomanipulation long-term stability of clear water?

were performed in relatively deep lakes (Benndorf et

al., 1984; Carpenter & Kitchell, 1993) and were con-

cerned with the removal of all fish with rotenon or Sites studied

with stocking of predatory fish (Benndorf et al., 1988;

Henrickson et al., 1980; Shapiro & Wright, 1984). The 18 lakes subjected to biomanipulation differ in
In The Netherlands, biomanipulation measures usu- morphology (surface area, sediment type, shape, de-
aIIy involve the substantial reduction of planktivorous gree of iso|ati0n), nutrient level and in the measures
and benthivorous fish in shallow lakes. A reduction of app“ed (extent of fish reduction, number of times fish
the overwintering planktivorous fish stock cause large reduction was applied and possible extra phosphorus
filter-feeding zooplankton to exert a higher grazing reduction measures) (Table 1). The surface area ranges
pressure on phytoplankton, thus forcing a spring clear from 1.5 to > 2000 ha. All lakes have an average
water phase. Reduction of benthivorous fish further depth of< 2.5 m and the lakes range from eutrophic
supports the clearing of the lake, as the resuspend-to hypertrophic. Before the measures the summer av-
ing of the sediment and the release of nutrients in erage total-P concentration in all lakes was higher than
the water due to these bottomfeeders will be reduced 0.1 mg P t1. Besides fish reduction, phosphorus load
(Breukelaar et al., 1994; Havens, 1993). Clear wa- reduction in the form of dredging or the addition of
ter during spring allows the submerged vegetation to FeCk to the water inlet was applied to six of the 18
grow and creates a sustainable clear water state. Stockigkes. In four lakes at least three different measures
ing of the lakes with pike fingerlingsE6ox luciusL.) were taken (Table 1). More details on measures and
may help to reduce the young-of-the-year fish during |ake characteristics can be found in the papers on each
summer. In The Netherlands, the first biomanipula- of the projects (references are given in Table 1)_ In
tion experiments were conducted in 1986 in small only nine lakes was the aim of a 75% reduction in the
drainable ponds of 0.1 ha, where the impact of O+ original fish stock and no fish immigration achieved.
fish on zooplankton was investigated (Meijer et al., |n all other lakes the fish reduction was less drastic,
1990a). Since 1987 experiments have also been car-due to insufficient time or money, immigration of fish
ried out in natural lakes and ponds (Driessen et al., through malfunctioning fish barriers, fish nets with too
1993; Meijer et al., 1990b; Van der Vlugt et al., 1992; |arge mesh size, or high stock of small fish in adjoin-
Van Donk et al., 1990). Later, guidelines were for- ing small waters that re-entered the lake after the fish
mulated for the assessment of chances for clear waterreduction. In eight lakes one single fish reduction pro-
and macrophytes, based on the results of nine bio- cedure was carried out; in the other lakes additional

manipulation cases (Hosper & Meijer, 1993). Five fish reductions were applied in the following years
out of these nine cases were successful: in those five(Taple 1).

lakes biomanipulation led to clear water and a rich

submerged vegetation (Hosper, 1997). Several factors

may prejudice successful biomanipulation in the other pethods

cases: insufficient fish reduction, wind-induced re-

suspension, inedible cyanobacteria and predation OonopIankton

Daphniaby invertebrates (Hosper, 1997; Hosper &

Meijer, 1993). The potential impact of zooplankton grazing on algae
The number of projects involving biomanipulation, s determined by the potential grazing pressure (PGP),

whether or not accompanied by P load reduction, has calculated as the ratio 8faphniabiomass to algal bio-

increased considerably during the past 10 years. In mass, on the assumption tizdphniacan consume its

this paper we evaluate the results of 18 cases, whichown biomass per day (Schriver et al., 1995). The algal

differ in morphology, nutrient level and the measures bjomass was calculated from a carbon/chlorophyll

applied. We compare the effect of biomanipulation ratio of 0.07 mg Gug~? chlorophylla. TheDaphnia

with the effects of phosphorus loading reduction in  piomassw (mg C) was calculated as W) = 2.46 +
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Table 1. Lake characteristics

Lake Surface Depth Soil Yearof TotalP % Fish Other Bottom References
area (m) type bioman before reduction measures view
(ha) (mg 1) firstyear

Bleiswijkse Zoom; Galgje 3 11 Clay 1987 0.22 184 + Meijer et al. (1990b,
1994a, 1995)

Boschkreek 3 2.0 Sand 1993 0.7 152 d,p Van Scheppingen
(1997)

Breukeleveense Plas 180 15 Peat 1989 0.1 * 62 Van Donk et al.
(1990b)

Deelen 45-65 1.0 Peat 1994 0.25 15-28 p Claassen (1994)

Duinigermeer 30 1.0 Peat 1994 0.11 177 + Van Berkum et al.
(1995)

Hollands Ankeveense Plas 92 1.3 Peat 1989 013 160 dp Scheffer-Ligtermoet
(1997)

Klein Vogelenzang 11 15 Peat 1989 0.35 126 Van der Vlugt et al.
(1992)

Nannewiid 100 1.0 Peat 1995 0.39 482 d, p +/- Veeningen (1997);
Claassen (1997)

Noorddiep 3 4.5 15 clay 1988 0.22 79 + Meijer et al. (1994a,
1995); Van Berkum et
al. (1996)

Oude Venen; 40-Med 10 1.4 Peat 1991 0.44 145 d,i Claassen & Maasdam
(1995)

Oude Venen; Izakswiid 26 15 Peat 1991 0.23 76 i Claassen &Maasdam
(1995)

Oude Venen; Tusken Sleatten 11 0.8 Peat 1991 023 1 45 Claassen & Maasdam
(1995)

Sondelerleien 27 1.0 Clay 1991 0.29 +33 Claassen & Clewits
(1995)

Waay 4 25 Clay 1994 0.11 ¥9 + Barten (1997)

Wolderwijd 2650 15 Sand 1991 0.13 7 f + Meijer et al. (1994b);
Meijer & Hosper (1997)

IJzeren Man 11 2.2 Sand 1991 0.27 100 + Driessen et al. (1993)

Zuidlaardermeer 75 1.0 Sand 1996 0.29 80 p + Torenbeek & De Vries
(1997)

Zwemlust 15 15 Clay 1987 1.2 100 p + Van Donk et al. (1989,

1990a, 1993); Van
Donk & Gulati (1995)

«Fish migrated into the lake directly after biomanipulation.

xx Only large fish, percentage removal of small fish is unknown, total fish remoia%6.
1Additional fish removal in later years.

d, dredging; f, flushing; i, isolation; p, reduction external phosphorus load.

2.52In(L) (Bottrell et al., 1976)L being the length in longispindpulex (1.5 mm), Daphnia hyalina/galeata
mm. (2.0 mm). Although Schriver et al. (1995) used the
In six lakes the length obaphniawas measured, total biomass oDaphniaandBosminawe used only
in other lakes only data on the species composition of the biomass ofDaphnig because in the observed
Daphniawere available. Here, the following average lakes the potential grazing pressureBdsminaand
lengths per species were assum&diphnia magna  copepods was negligible compared to thabaphnia
(2.75 mm), Daphnia cucculata(0.8 mm), Daphnia (Meijer & de Boois, 1998). Because of expected dif-
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ferences between spring and summer, we considered '2°!¢ 2.Average of Secchi depth (summer mean) after the
;i measures divided by the average Secchi depth before the meas-
the periods May—June and July—September separately. ,res

In The Netherlands the higheBaphniadensity and

the highest transparency are generally found in May— Successful
June. Zwemlust 9.4
Waay 2.6
Macrophytes Noorddiep 3 2.6
Duinigermeer 2.2
The abundance of macrophytes was calculated as the 1Jzeren Man 8.4
percentage of the surface area of the lake covered with Bleiswijkse Zoom; Galgje 33
macrophytes. Very sparse vegetation with a density of Wolderwijd 8.4
< 15% was not been taken into account. No data were Zuidlaardermeer 16

available on the biomass of the macrophytes nor on

the volume of the water column infested with macro- Partially successful

phytes. A survey of macrophytes is generally carried Sannﬁl‘(””dk 1167
out once a year in July—August, and therefore no oschxree '
distinction can be made between spring and summer Hollands Ankeveense Plas 1>
pring ) Oude Venen: 40-Med 2.5
Fish Oude Venen: Tusken Sleatten 15
1S Oude Venen: Izakswiid 1.6
Long-term quantitative data on fish biomass and spe- Klein Vogelenzang 14
. . . . Sondelerleien 14
cies composition were available for only six lakes.
In this paper the data on total fish biomass, benthi- Failures
vorous fish, piscivorous fls_,h and blqmass of 0+ fish Breukeleveense Plas 11
are presented. In Noorddiep, Galgje and Zwemlust Deelen 12

the fish biomass was estimated in December/January
with a mark-recapture method (Meijer et al., 1995) Successful, >1.3 and bottomview; partially successful, >1.3, no
.. . ! 7" pottom view; failures, <1.3.

In Lake Waay, Wolderwijd and Duinigermeer the bio-
mass was estimated with a catch per unit effort method
in September/October (Grimm & Backx, 1994). concentrations. An effect of measures can be calcu-

Perch> 0+ and all pike and pikeperch were as- lated if data are available for at least 2 years before
sumed to be predatory fish. The biomass of 0+ fish and 2 years after the measures. The instantaneous ef-
is based on the estimation of the young-of-the-year fect of a measure is thus incorporated in the calculated
(YOY) fish at the end of the growing season (in trend. Sufficient data were available from eight bioma-

September or December). nipulation cases (Figure 1). In Hollands Ankeveense
_ Plas extra phosphorus reduction measures were taken,
Trend analysis but they did not lead to a decrease in the phosphorus

) ) ) . concentration in the lake in the observed period of
Trends for biomanipulation cases were compared with biomanipulation. The analysis was based on relat-

the general development in the water quality in 160 e trends, where a relative trend was defined as the
lakes where no measures were taken. Also trends in absolute trend divided by the historical means.

lakes in which specific phosphorus reduction measures
had been taken but no biomanipulation had been ap-
plied were compared with the general trend (Portielie Regyits
& van der Molen, 1999).

Trend analysis was performed for lakes for which Transparency
there were at least 8 years of data. The Mann—Kendall
test was used for the trend analysis. In this non- In all but two lakes the Secchi depth improved after
parametric test the trend is estimated by the median the measures. The extent of the improvement differed
of the set of the slopes (Theil slope estimator, Theil, from lake to lake (Figure 1, Table 2). Before the meas-
1950; KIWA, 1994) that are calculated from all pos- ures the average Secchi depth was ca. 0.2—0.4 m. After
sible pair-wise combinations of the summer mean the measures lake bottom view was achieved in eight
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Figure 1. Secchi depth in all lakes in years after biomanipulation (first square is average of May—June, second square is average of
July—-September).

lakes. In those lakes the biomanipulation is called Chlorophylla

successful. In five of these eight lakes, the bottom

view was achieved in the spring directly after the fish In 13 out of 18 lakes the chlorophyll concentration
removal. In the other lakes the process took several decreased. In lakes with bottom-view the summer av-
months (Platform Ecologisch Herstel Meren, 1997). In €rage chlorophylk concentration generally became
Lake Wolderwiid in the first year the water remained lower than 15ug I~* (Figure 3). In the lakes where
clear only for about 6 weeks in May—June (Meijer the Secchi depth improved without lake bottom view
& Hosper, 1997), but 6 years later the Secchi depth the chlorophylla concentration was often low in
remained high 1 m) during the summer. In most  SPring (May—June) but increased from July onwards.
lakes with long-term data the average Secchi depth In Klein Vogelenzang and Sondelerleijen the chloro-
starts to decrease after 3—4 years, with the exceptionPhyll @ concentration remained quite high, despite
of Lake Wolderwijd where the Secchi depth starts to improvement of the Secchi depth.

increase after 5 years (Figure 2). In the lakes with lake )

bottom view the Secchi depth improved considerably Daphnia

(60—800%). In eight other lakes the transparency im-
proved also (40-150%), but the lake bottom did not
become visible. In those lakes the biomanipulation
is called partially successful. The Secchi depth often
reached 0.5-0.9 m in spring, but decreased in summer
. In two lakes (Deelen and Breukeleveense Plas) there
was no significant improvementin water transparency
(improvement25%) (Figure 1, Table 2).

In general theDaphnia biomass increased slightly
after the measures (Figure 3). In one lake (Noord-
diep) there was a decrease of thaphniabiomass
(Meijer et al., 1990b). However, the potential grazing
pressure (PGP) became larger after the measures due
to a simultaneous reduction in algal biomass in most
lakes. The highest PGP was found in lakes with the
highest Secchi depth (Figure 4). In all lakes with bot-
tom view the PGP is high in May—June and decreases
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measures.

in July—September. Only in three out of 16 lakes with
zooplankton data could a high PGP Bé&phniaalso
be found in summer.

Both the chlorophylk: total-P ratio ¢ < 0.01)
and the chlorophyl: total-N ratio (P < 0.001) were
significantly lower at a PGP @aphniaof >1.0 day*
compared to lower potential grazing pressures (Figure
5).

seven successfully biomanipulated lakes.

Macrophytes

In all eight lakes with bottom view macrophytes de-
veloped. The colonization by Characeae was very
rapid. In three small lakes (Galgje, IJzeren Man, Du-
inigermeer) more than 50% of each lake was colonized
within 2 months. In the large Lake Wolderwijd it took

3 years for 40% of the lake to become covered with
dense vegetation. The species composition of the mac-
rophytes changed from a dominanceRaftamogeton
sp. to a dominance ofhara sp. In Zwemlust and
NoorddiepCharahardly developed at all, but species
like Elodeasp. andCeratophyllumsp. colonized the
lake more gradually (Figure 6). In Zuidlaardermeerthe
macrophytes developed during the first 2 years in very
low densities £15%). In the third year densities of
more than 20% were found at 80% of the surface area.
In Noorddiep submerged macrophytes developed only
in the shallow part of the lake (ca. 45% of the lake
surface).

In the lakes without bottom view macrophytes
occurred after the biomanipulation only in Hollands
Ankeveense Plas (25% of the lake surface area); in alll
other lakes macrophytes remained absent. The chloro-
phyll a:total-P ratio seems to be lower when25%
of the surface area of the lake is covered with macro-
phytes P < 0.001). The chlorophyl:total-N ratio
seems to become lower with decreasing abundance of
macrophytes (Figure 7), as is found in a comparable
analysis of a larger data set (Portielje & van der Molen,
1999). A strong decrease is found at a coverage of
>25% (Figure 7) P < 0.001).
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Figure 4. Potential grazing pressure (PGP)@diphniain years after biomanipulation (first square is average of May—June, second square is
average of July—September).

Fish had been taken (Figure 9). Although the total-N con-
centration decreased in most biomanipulation cases,

In two out of six lakes with long-term fish data the the decrease was not significantly stronger Fat<

fish biomass gradually decreased after the fish reduc-0.1) than the general trend. Lake-specific measures

tion (Waay, Wolderwijd), whereas in all other lakes that reduced the phosphorus load led only to a signi-

the fish stock increased (Figure 8). In Zwemlust and ficantly stronger decrease in the total-P concentration

Noorddiep the increase seemed to stabilize atalevelof (p < 0.01) compared to the general trend, but not

about half the original biomass. The biomass of 0+ fish with respect to transparency, chlorophylnd total-N

is high (>100 kg ha') in Zwemlust and Bleiswijkse  (Van der Molen & Portielje, 1999). Strong decreases

Zoom/Galgje, and in the first year in the Waay. In in total-P were found in lakes with biomanipulation,

the other lakes the biomass of YOY fish remains be- whereas an additional P-reducing measure (dredging)

low 40 kg hal. The biomass of 0+ fish seems to was applied only in one biomanipulated lake.

increase after the measures, whereas the benthivor-

ous fish stock is reduced. The percentage of predatory

fish is low in all lakes except in the first years in lake Discussion

Zwemlust from which all fish had been removed and

only pike and rudd had been stocked. How does successful biomanipulation work?

Trend analysis In all lakes with successful biomanipulation the algal
biomass dropped to very low levels, leading to a
In the biomanipulation cases a significantly stronger strong increase in transparency. In only three lakes
decrease in concentrations of phospho®is{ 0.05) had benthivorous fish been a major cause of turbid-
and chlorophyl: (P < 0.05) and increase in Secchi ity (Table 3). In those lakes more than 150 kg/ha
depth (P < 0.01) was found compared to the general of benthivorous fish had been removed, which led
trend occurring in lakes where no specific measures to a reduction in the resuspended sediment (Havens,
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F (ratio)
F (ratio)

Figure 5. Impact of the potential grazing pressure on the chloropfylutrients ratio.F (ratio) is the distribution function of the chlorophyll
a:nutrients ratio).

1993; Meijer et al., 1990a). In the other lakes the lake. Only in lake Zuidlaardermeer, the Waay and
benthivorous fish stock was relatively low before the Lake Wolderwijd did it take 3 years to get a substantial
measures. macrophyte growth. Our results show a strong reduc-
In all successful cases the clear water in spring tion in the chlorophylk:nutrients ratio at a coverage
caused a drastic increase in macrophytes, which con-of >25% of the lake surface area. This corresponds
tributed to the persistence of high transparency. to the reduction in algal biomass found in Denmark
In practice it is difficult to unravel the specific at a PVI (plant volume infested) of 20% (Schriver et
mechanisms involved in clearing the water, since sev- al., 1995; Sondergaard & Moss, 1997). In the Dan-
eral processes occur simultaneously, and data-sets arésh experiments zooplankton grazing seems to be the
frequently not detailed enough to sort between the major mechanism involved. However, it is not clear
alternative hypotheses. which mechanisms cause the increase in transparency
In spring the potential grazing pressure (PGP) of or the reduction in the algal biomass in the presence of
Daphniawas high in almost all clear lakes, indic- macrophytes in the Dutch lakes. Several mechanisms
ating thatDaphniais an important initiator of the  are possibly involved, e.g. increased sedimentation
spring clearing of the water (Table 3). The biomass and reduced resuspension of the sediment (Scheffer,
of Daphniadid not always increase after the measures, 1998; Van den Berg et al., 1997), which provide refuge
possibly because the food fDaphniabecame limited  for zooplankton (Moss, 1990), competition with al-
when the algal biomass dropped to low levels. The gae for nutrients, especially nitrogen (Ozimek et al.,
PGP, however, is a better criterion thRaphniabio- 1990; Van Donk et al., 1993) and allelopathy (Wium-
mass for determining the possible impactD&Ephnia Anderson et al., 1982). We have no data on increased
on algae. Also low dissolved nitrogen concentrations sedimentation or reduced resuspension in the lakes
were found regularly in spring (Table 3). This suggests studied , but these aspects were shown to be important
nitrogen limitation of the algal growth, but it is not in Chara meadows in lake Veluwe, which is com-
conclusive because part of the nitrogen may have beenparable to Lake Wolderwijd in many respects (Van
recycled. den Berg, et al., 1997). In the early biomanipulation
WhereadPaphniagrazing is probably the mostim-  cases an increase in macrophytes coincided with a
portant mechanism causing clear water in spring, it is decrease in total nitrogen (Zwemlust, Galgje, Noord-
more difficult to determine the factors responsible for diep) (Meijer et al., 1994; Scheffer, 1998). In those
clear water in summer. lakes N-limitation could be confirmed with bioassays
Macrophytes are considered to be important for (Meijer et al., 1990b; Van Donk et al.,1993). In the
keeping the water clear in summer. Macrophytes gen- other successful biomanipulation cases low dissolved
erally appeared quite rapidly after the clearing of the nitrogen concentrations occurred regularly too, but
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Figure 6. Abundance and species composition of macrophytes in eight successfully biomanipulated lakes.

this does not necessarily imply nitrogen limitation of zooplankton in Denmark, where the sampling is often
the algal growth. done during the night. In The Netherlands, sampling
Although in most lakes the total-P concentra- of zooplankton is carried out during the d®aphnia
tion decreased, the dissolved-P concentration neveris difficult to sample in daytime particularly in clear
reached very low values, except in lake Wolderwijd. water, since the species tend to hide against predation
Thus phosphorus limitation of the algal growth is of fish near the bottom and between the macrophytes
unlikely to have played a role in the cases studied. (Lauridsen & Buenk, 1996; Schriver et al., 1995). Of-
Our results suggest that in sumnizaphniagraz- ten the sampling for zooplankton in Dutch lakes is
ing is not really important (Table 3). Thisis notinline carried out in the open water only, and consequently
with the dominant role of zooplankton in Danish lakes zooplankton densities may have been underestimated.
(Jeppesen et al., 1997; Schriver et al., 1995). This dis- Also macrophytes associated zooplankton (8igio-
crepancy may be due to a better sampling method for cephalus, Sida, Eurycercuare not sampled, so the
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Figure 7. Impact of a high coverage of macrophytes on the chlorophpilltrients ratio.F (ratio) is the distribution function of the chlorophyll
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Figure 8. Development of the fish community in six lakes.

impact of these zooplankton species among the mac-related to increased zooplankton grazing (De Melo et
rophytes is not known. No data were available on al., 1992). They suggested that the results are often
allelopathic effects. a consequence of changes in the nutrient levels due
An evaluation of 20 biomanipulation cases in the to the fish removal. Also for lake Pohjalampi it was
USA and Europe had led to the conclusion that in suggested that the high transparency in the lake after
many cases the increased water clarity could not be fish reduction was caused not by increasabhnia
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Figure 9. Comparison of trends in Secchi depth, nutrients and chlorophyfi manipulated lakes (biomanipulation or reduction of the
phosphorus load) with lakes without measures.

grazing, but by a reduction in nutrient due to the re- lake to a development of macrophytes and clear water
moval of benthivorous fish (Karjalainen pers. comm.). (Meijer & Hosper, 1997). The part with macrophytes
However, most observations on the impacbDafphnia and clear water may gradually expand and after a num-
were based oBaphniabiomass, whereas the potential ber of years the whole system may change to a clear
grazing pressure is a better instrument for determining water system (Figure 2).

the impact ofDaphniaon algae. Our results show that The lack of bottom view in the ten lakes, may have
in spring Daphniagrazing is important. No conclu- been caused by several factors:

sions can be drawn from our results with regard to

nitrogen limitation, but phosphorus limitation of the (i) Insufficient fish removal (Carpenter & Kitchell,

algal growth does not seem to be important. However, 1992; Hosper & Meijer, 1993)

the decrease in total nutrient concentrations confirm gypstantial (more than 75%) reduction of the fish
the idea that the change in nutrient fluxes due to the stock is thought to be important for getting clear water
manipulation of the food chain may play a role in the j, gpring. This drastic reduction should take place in
success of the biomanipulation (Carpenter et al., 1992; gne winter and no fish must be able to migrate into the
Jeppesen, 1998). lake afterwards.

Can we explain the lack of success in the other lakes® (i) Presence of peat (Portielje & van der Molen, in

In the 10 lakes without lake bottom view, the goal of press) ) ) i

high transparency and macrophytes was not achieved,!n 1akes with peaty sediment a high transparency may
but only the two lakes where no improvement of the P€ hard to achieve, because qf the presence of a higher
transparency was found at all can be called real fail- Pack-ground (non-algal, humic) turbidity.

ures. The eight lakes where an improvement of the

transparency was found, but no bottom view and no (i) High wind resuspension (Hosper & Meijer, 1993)
macrophytes occurred, are not fully successful, but When a lake is turbid because of resuspension of the
cannot be regarded as complete ‘failures’. As we have sediment by wind, it may be difficult to get clear water
seen in Lake Wolderwijd a relatively small increase by biomanipulation. The criteria for high windresus-

in transparency may lead in the shallow parts of the pension are based on fetch in prevailing wind direction
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(WSW-ENE in the Netherlands), water depth and before the measure was taken in Zuidlaardermeer, Du-

absence/presence of sandy bottom. inigermeer and, to a lesser extent, in lake Wolderwijd,
but this did not prevent the lakes from becoming clear.

(iv) High surface area (Benndorf, 1995; Reynolds, In Zuidlaardermeer the construction of a large enclos-

1994) ure (75 ha) reduced the wind resuspension (Torenbeek

A lower chance of high transparency in large lakes & de Vries, 1997), whereas in lake Duinigermeer wind
may occur because of higher susceptibility to wind resuspension was decreased by an explosive growth of
resuspension and because drastic fishery may be moreChara(Van Berkum et al., 1995).

difficult to achieve in larger lakes. However, because the criteria used for high wind
resuspension are based only on windfetch, lake depth

(v) High nutrient concentration (Benndorf, 1995; and presence of sand, windresuspension is probably

Reynolds, 1994; Jeppesen et al., 1990) underestimated for lakes with very loose sediment.

At high nutrient concentrations the chances on successThe characterization is probably too rough to conclude
are thought to be lower, because of higher chancesthat wind resuspension can never prevent the clearing
on inedible cyanobacteria (Benndorf, 1995; Reyn- of the lake water. However, field observations gave
olds, 1994) or because of lower chances on a goodthe impression that the macrophytes consolidate the
piscivorous fish population (Jeppesen et al., 1990) sediment (Duinigermeer). So once macrophytes ap-
pear, the wind resuspension decreases. Furthermore,

(vi) High density of cyanobacteria (Gliwicz, 1990; in Denmark indications are found that zooplankton
Hosper & Meijer, 1993) is able to increase the sedimentation of inorganic
At densities of cyanobacteria of 80 000 ind/ml  suspended matter (Jeppesen, pers. comm.).
Daphniamay not be able to consume the algae and A logistic regression showed no significant rela-
reproduction oDaphniamay be reduced. tion between the occurrence of bottom view ahd
total-P concentration.Jeppesen et al. (1990) stated
(vii) Presence of invertebrate predators, such as that biomanipulation is best carried out in lakes with
Neomysis or Leptodora (Hosper & Meijer, 1993) a phosphorus concentration @0.08-0.15 mg PL.
Neomysisand Leptodoracan consuméaphniaand This may guarantee the stability of the clear water
may therefore limit thdaphniagrazing. state, but it is probably not necessary for achieving
clear water (Fig. 10).
A 75% reduction in the fish stockeems critical No relation was found between occurrence of bot-

for achieving lake bottom view. In fact, in all but two  tom view andsurface arezof the treated lakes either
instances the percentage of fish removal may explain (Figure 10). After analysing 33 biomanipulation cases
which cases are successful and which are not (Figuresall over Europe and the USA Reynolds (1994) con-
10 & 11). Other evaluations have also shown that sub- cluded that the best chances for successful biomanip-
stantial (more than a 75%) fish reduction is required ulation are in lakes covering an area-o# ha. This is
for success (Hansson et al., 1999). Nonetheless, someot confirmed in this study.
comments can be made concerning the other ‘risk A high density of cyanobacterseems to reduce
factors’ too: the chances of lake bottom view (Figure 10). How-
A high Secchi depth is rarely achieved in lakes €Vver, in all lakes with a high density of cyanobacteria
with peaty sedimengFigure 10), but we cannot con- an insufficient fish reduction may also explain the
clude that this has hampered recovery, since theselack of lake bottom view (Table 4). In Lake Breuke-
lakes also appear to have been subjected to a relativelyleveen not only insufficient fish stock reduction and a
low fish reduction (Table 1). In The Netherlands a high density of cyanobacteria, but also the presence of
drastic fish stock reduction is generally more difficult Leptodora and resuspension of the sediment by wind
to achieve in peaty sediment than in other lakes, as could have prevented the clearing of the water (Van
peat digging created many small canals and ditches Donk etal., 1990b; Table 4). In Klein Vogelenzang the
where small fish can concentrate during winter and increase in transparency was probably due not only to
escape the fish nets. the high density of cyanobacteria, but also to insuffi-
Resuspensiony wind did not prevent a high trans- ~ cient fish reduction. In winter 1990 when the young
parency in the lakes witk-75% fish stock reduction  fish migrated from the lake, the blue-green algae dis-
(Figure 10, Table 4). Resuspension by wind occurred appeared (after a high peak &osming Daphnia
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Table 3. Mechanisms that keep the water clear

May—June July—September
benth grazing diss. N ortho P grazing diss. N ortho P macro-
fish reduction press. <0.1 <0.01 press. <0.1 <0.01 phytes
>150kghal  >1.0 mgrl  mgli?1 >1.0 mgrl  mgll >25%
Zwemlust . O O . @ @ . O
Waay O O . . Q . O
Noorddiep 3 O @ O . . %) . O
Duinigermeer . . . . . . @ O
1Jzeren Man O O . . Q . O
Bleisw. Z.; Galgie O O @ . . %) . O
Zuidlaardermeer . @ . . . . . .
Wolderwijd ° O ° ° . O . %)

benthivorous fish reduction > 150 kghaQ, yes;®; », no
for the other criterig)>60 @ 30—60e 0—30 % of clear period that the criterion is valid.
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Figure 10. Occurrence of bottom view in relation with surface area, phosphorus level, sediment type, cyanobacteria abundance, wind
resuspension and fish reduction.

came up and the water became clear. However, thea high density ofLeptodorawas found in 1989 in
clear water phase did not last long, and the water be- Lake Breukeleveen (Van Donk et al., 1990), but ad-
came turbid again during the growing season when the ditional factors may have caused the relatively low
fish returned to the lake (Van der Vlugt et al., 1992).  transparency in both of these lakes.

There are not enough data for conclusions to be  In two lakes (Izakswiid and Sondelerleien) the
drawn regarding the possible negative impacheb- water remained relatively turbid, despite a fairly sub-
mysisor Leptodoraon the clearing of a lake in spring.  stantial fish reduction. In Izakswiid the 75% limit was
A high density of Neomysiswas found in 1992 in only just met (76%) and probably the lake did not clear
Lake Sondelerleien (Claassen & Clewits, 1995) and completely, because the remaining fish consisted ex-
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Table 4. Factors which might prejudice successful biomanipulation (after the name of the lake the years which have been taken into
consideration)

Trans- Fish Wwind Cyano- Neomysis
parency reduct. bacteria
Zwemlust (86-97) O O O O O
Waay (93-96) O O O
Noorddiep 3 (88-92) @) O O O O
Duinigermeer (93-96) O O . O O
IJzeren Man (91-96) O O O O @)
Bleiswijkse Zoom; Galgje (87-94) O O O O O
Zuidlaardermeer (96-97) O O . O
Wolderwijd (91, 97) O O O O O
Wolderwijd (92) @ @ O O O
Wolderwijd (93-95) @ @ O @ O
Boschkreek (92-96) @ . O O O
Hollands Ankeveense Plas (89-92) %) . O . O
Nannewiid (94-96) @ . Q O
Oude Venen; 40-Med (90-96) @ . O O O
Oude Venen; Tusken Sleatten (90-96) %) . O O O
Oude Venen; Izakswiid (90-95) @ . O O O
Klein Vogelenzang (89-96) @ . . . oL
Sondelerleien (91) . ok O Q @)
Sondelerleien (92) . O O (%) .
Sondelerleien (93) . O O (%) O
Breukeleveense Plas (89-92) . . O . oL
Deelen (93-96) . . O %) O
O 2 .

transparency (cm): bottom >70 <40

fish reduction (%): >75 65-75 <65

wind resuspension: small medium large

Cyanobacteria (n/ml): <50,000 50,000-100,000 >100,000

Neomysis absent present >100 ind nT2

L: Leptodorainstead ofNeomysis
* reduction>75%, but fish immigration

clusively of small planktivorous fish. This case shows

that it is best to reduce considerably more than 75% 1T

of the original fish stock, (especially of planktivor- gz I

ous fish). In Sondelerleien the turbidity of the water 07 |

was caused not by algae, but by resuspended mat- 06T

ter, probably coming from the inflow of turbid water. 2 o1

The lake had a very short retention time 20 days) S o3t

and the inflow water contained very high concen- 02t

trations of suspended matter (Claassen & Maasdam, O'; T ) i L

1995). In this lake it is likely that biomanipulation 0 2 40 60 80 100
will never lead to clear water. This is in line with the fish removal (%)

idea of Reynolds (1994), namely that success of hio-
manipulation is higher in lakes with a long residence

time. Figure 11. Logistic regression on percentage of fish reduction and
the occurrence of bottom view.

modelled response
e transformed data transparency

© ‘transformation’ point
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tions decreased dramatically, more mussels appeared
and the fish composition changed (Lammens, Perrow
& Meijer, unpubl. results).

(b) In most lakes (Bleiswijkse Zoom/Galgje,
Zwemlust, Noorddiep, Duinigermeer) tfish biomass
increased again after the measure. However, it seems
to stabilize at a level of about half the original bio-

t } mass (except lake Duinigermeer). This reduction in

bloman. e oman-tother biomass may be caused by the reduction in benthi-
vorous fish, resulting in less mobilization of nutrients

from the bottom. In Zwemlust the productivity of the

fish was lower because bream was replaced by rudd, a

Figure 12. Occurrence of bottom view in relation to additional |ess efficient forager.

measures. (c) The biomass of Ofish after the measures

is high in most hypertrophic (total-P concentration

In the present set of cases bottom view was found >0.25 mg P/l) lakes ¥100 kg ha), but lower in
more often in lakes where only biomanipulation had lakes with lower nutrient concentrations (Waay, Du-
been carried out than in lakes where additional phos- inigermeer and Wolderwijd, Table 1). Noorddiep is an
phorus reduction measures had been applied as wellexception in that it has a relatively high phosphorus
(Figure 12). This was probably caused by the relat- concentration and a relatively low 0+ fish biomass,
ively low fish reduction in the lakes where phosphorus Which may be caused by a relatively good foraging
reduction measures had been taken prior to the bio- conditions for pike (Meijer etal., 1995; Walker, 1994).
manipulation measures. Biomanipulation probably re- ~ (d) In general in all Dutch lakes the percentage

ceived less attention in these lakes than in lakes whereOf piscivorous fishremains quite low after the fish
it was applied as the only measure. stock reduction. Only in lake Zwemlust was a high

proportion of piscivorous fish was found in the first
What factors determine long-term stability? years after complete fish removal. Pike probably can-

not develop because in all lakes hardly any vegetation
In an earlier paper the long-term responses (5 year res-Were present in early spring, which is needed for pike
ults) in four biomanipulation cases in The Netherlands to spawn and to create shelter for young pike against
and Denmark were discussed (Meijer et al., 1994). In cannibalism (Grimm & Backx, 1990). No piscivorous
that paper, the following indicators for stability were perch are present, because the nutrient concentrations
chosen: (a) Secchi depth after 4-5 years is still high, are too high for perch to win the competition with
(b) the fish biomass remains low, (c) biomass of 0+ roach (Persson, 1997).
fish is low, (d) percentage of piscivorous fish is high (e) Insufficient data were available to test the long-
and (e) the length obaphniaremains high during  term development of the length Blaphnia
summer (Meijer et al., 1994). These indicators were According to the theory of alternative stable states
only qualitative and therefore difficult to test, but we long-term stability of the clear-water state can only
will discuss these indicators with respect to long-term be expected below certain critical nutrient levels.
data (more than 8 years). Critical total-P levels of 0.08-0.15 mg P! have

(a) Inthe present study in almost all lakes with long been mentioned (Jeppesen et al., 1990), whereas

term results th&ecchi deptecreased over the years, higher concentrations are suggested for smaller lakes
but after 6 years the Secchi depth was still 5-8 times (Hosper, 1997). In most Dutch biomanipulation pro-
higher than before the measures were taken. In only jects the total-P concentration before the measures
one lake (Wolderwijd) did the Secchi depth gradually Were between 0.1 and 1.0 mg Pl In six lakes the
increase. This was related to the gradual increase intotal-P concentrations became lower than 0.1 mg P
the abundance of Characeae in this lake (Meijer & |~ after the measures. Only in the case of one of
Hosper, 1997). In the first year the transparency was those lakes were long-term data available. The few
only high above th€hara, but in later years the area  lakes with low nutrient levels and the scarce data on
with Charaand clear water expanded dramatically and fish make it impossible to test the hypothesis that
the whole system changed. The nutrient concentra- long-term stability is found only at low nutrient con-

O~ N WH OGO N ®©O
1t

number of lakes

O success a improvement
a failure
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centrations. The current results, however, do point to a Acknowledgements
deterioration at higher nutrient concentrations.
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