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ABSTRACT

In this paper we analyze a long-term dataset on the
recovery from eutrophication of Lake Veluwe (The
Netherlands). Clear hysteresis was observed in a
number of ecosystem variables: the route to recov-
ery differed significantly from the route that led to
loss of clear water. The macrophyte dominated state
disappeared in the late 1960s at TP above
0.20 mg 1™, whereas its return occurred at less than
0.10 mg TP 17'. Several regime shifts resulting in the
occurrence of three alternative stable states were
observed over a period of 30 years. The turbid state
showed resistance to change, despite a strong and
prompt reduction in Chl-a following reduction of
external P-loading. The most important component
that determined hysteresis in the return to clear
water was not internal P-loading, but a high level of
nonalgal light attenuation (through sediment
resuspension) maintained by the interaction be-
tween wind and benthivorous fish. Although Chara
was able to re-colonize the most shallow parts of the
lake, recovery stalled and for a number of years clear
(above charophyte beds) and turbid (deeper parts of
the lake) water co-existed, as a separate alternative
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state on route to full recovery. Lake-wide clear water
was re-established after bream density had been re-
duced substantially. This allowed a return of zebra
mussels to the lake, whose high filtration capacity
helped in maintaining clear water. In this study, we
were able to identify the main drivers of hysteresis
and regime shifts, although formal demonstration of
cause and effect was not possible on the basis of field
data alone. We argue that resilience of the present
clear water state of Lake Veluwe very much depends
on sizable populations of a few keystone species,
especially Chara (stoneworts) and Dreissena (zebra
mussels), and that careful management of these
species is equally important as control of nutrients.
Lake management should strive to maintain and
strengthen resilience of the ecosystem, and this
should offer protection against a renewed collapse of
the clear state.

Key words: alternative stable states; cyanobacte-
ria; Chara;, Dreissena; eutrophication; hysteresis;
lake ecosystems; regime shift; resilience..

INTRODUCTION

Most of the shallow lakes in the Netherlands have
shifted from clear water with abundant growth of
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macrophytes to turbid water characterized by
blooms of cyanobacteria. Since 1980 a nationwide
policy on reducing nutrient loads to surface waters
has been implemented in the Netherlands. Addi-
tional restoration measures like biomanipulation or
flushing have been applied to many lakes. As a
consequence phosphorus concentrations and phy-
toplankton biomass have been reduced substan-
tially in a majority of Dutch lakes, but transparency
in many cases has not increased (Van Der Molen
and Portielje 1999). The turbid state of these lakes
thus appeared to be very stable and resistant to
change.

Many observations have supported the existence
of alternative stable states or equilibria in shallow
lakes (Moss and others 1996; Korner 2001; Dent
and others 2002; Bayley and Prather 2003; Dokulil
and Teubner 2003; Jackson 2003). But although
the occurrence of alternative states is easily ob-
served, our understanding of these shifts is
incomplete and requires the ongoing analysis of
well documented cases. At low nutrient levels only
the macrophyte dominated equilibrium exists in
shallow lakes, whereas at high nutrient levels, only
the turbid equilibrium dominated by phytoplank-
ton is found. At intermediate nutrient levels, both
stable states may occur. Transitions from one state
to the other are sometimes referred to as regime
shifts and they are often induced by an interaction
between internal ecosystem processes and external
fluctuations (Scheffer and others 2001; Scheffer
and Carpenter 2003).

The clear water state is stabilized by a number of
ecological feed-back mechanisms in which macro-
phytes often play a central role. Different mecha-
nisms explain the stabilization of transparency by
macrophytes. Macrophytes reduce sediment
resuspension, increase sedimentation, compete for
nutrients with algae and provide a refuge for zoo-
plankton against predation by fish (Schriver and
others 1995; Scheffer and others 1997; Van Den
Berg and others 1998; Blindow and others 2002).
Feed-back mechanisms between cyanobacteria and
turbidity stabilize the turbid state. Dense blooms of
filamentous cyanobacteria like Planktothrix agardhii
promote the shady conditions on which they de-
pend to out-compete other phytoplankton (Schef-
fer and others 1997). Another factor that stabilizes
the turbid state is the build up of a pool of easily
resuspendable matter during years of eutrophica-
tion. The absence of plants and the feeding
behavior of benthivorous fish facilitate wind driven
resuspension of the sediment and maintain the
water in a turbid state (Schetfer and others 2003).
These stabilizing factors cause a tendency of sys-

tems to remain in the same state despite changes in
external conditions, a process called hysteresis.
Hysteresis refers to the phenomenon by which
changes in states follow different pathways in for-
ward and reverse direction, and is expected to oc-
cur in the restoration of shallow lakes from
eutrophication (Scheffer 1998). The degree to
which hysteresis occurs is dependent on system
resilience.

The concept of resilience in ecology was intro-
duced by Holling (1973) but multiple meanings of
the concept have been published (discussion in
Gunderson 2000). We refer to resilience as the
magnitude of disturbance a system can absorb
without shifting to an alternative stable state.
Gradual changes like eutrophication or climate
change initially may have little effect on the state of
the system but they reduce resilience and make the
system vulnerable to a regime shift (Lowe and oth-
ers 2001). Although multiple stable states, hysteresis
and resilience are theoretically well understood, and
relevant for eutrophication management, field data
that provide more than ‘anecdotal’ support and that
offer an improved understanding of the underlying
mechanisms are not easily obtained. One problem is
that appropriately long-term data sets are scarce. In
this paper we search for support for the occurrence
of these phenomena during the recovery from
eutrophication of one well-studied lake: Lake Vel-
uwe in the Netherlands.

Eutrophication Management of Lake
Veluwe

Lake Veluwe (Figure 1) forms part of a chain of
large shallow lakes in the central part of the
Netherlands. The lake was created in 1957 as a
result of land reclamation in Lake IJsselmeer. The
surface area of Lake Veluwe is 3,050 ha. It has a
mean depth of 1.5 m and a maximum depth of
about 5 m in a central navigation channel. A con-
siderable area of the lake has a depth of less than
1 m. The sediment in the shallow areas of the lake
is sandy, whereas in the deeper parts silt has
accumulated (Van Der Molen and others 1998). In
Lake Veluwe, increased nutrient loading mainly
from waste-water treatment plants and many small
streams that have their catchments in agricultural
areas caused a switch from the original clear water
state to the turbid state. This switch was completed
in the early 1970s when the last charophytes had
disappeared and blooms of Planktothrix became
established (Berger 1975, 1987; Hosper 1997). In
1979 the phosphorus loading to the lake was
strongly reduced from more than 3 to about
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Figure 1. Map of Lake Veluwe and its neighboring lakes
(adapted from Portielje and Rijsdijk 2003). Black arrows
indicate inflow of nutrients; gray arrows the outflow from
the lake to adjacent lakes.
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. In that same year, flushing of the lake

was begun. During the winter periods, water from
the adjacent polder with low phosphorus and high
calcium concentrations was pumped into the lake.
In addition, measures were taken in the catch-
ment’s area of the small streams to further reduce

nutrient loading of Lake Veluwe.

Commercial

fishery reduced the bream stock in Lake Veluwe by

approximately 30 kg ha

~!'y! between 1993 and

1998 (Lammens and others 2002).

Methods Used in the Monitoring of Lake
Veluwe

Monitoring of water quality and biological com-
munities in Lake Veluwe was carried out at
monthly intervals (unless indicated otherwise)
using the methods described below. More detailed
descriptions have been presented elsewhere (Ree-
ders and others 1998; Van Der Molen and others
1998; Portielje and Van Der Molen 1999; Van Den
Berg and others 1999; Van Den Berg and others
2001; Lammens and others 2002; Noordhuis and
others 2002; Portielje and Rijsdijk 2003). The fol-
lowing parameters were measured as follows:

Transparency was recorded using a Secchi-disk
and routinely measured in the deepest part of the
lake, the shipping channel. Non-algal light atten-
uation was calculated from the inverse Secchi
depth 1/SD =1, which is the sum of the
contributions of chlorophyll-a (1/SD)cp., light
attenuation by water (1/SD)yc, and a residual term
(1/SD)es:  1/SD = (1/SD)Chl-a + (1/SD)res +
(1/SD)bck

The term (1/SD),.s represents light attenuation
by non-algal components such as suspended

solids. From a multi-lake study on more than
200 shallow Dutch lakes, Portielje and Van der
Molen (1999) estimated the contribution of (1/
SD)pa at 0.16 m™' and that of (1/SD)cpL. at
0.011 m™".

Non-algal light attenuation is therefore calculated
as: (1/SD)res = (1/SD) — 0.16-0.011 Chl-a

Total phosphorus (TP) Samples for nutrients, as
well as for Chl-a and plankton analysis, were
collected using a 1.5 m long Perspex tube;
samples from 5 to 6 locations were pooled to
reach a final volume of 51, from which sub-
samples were taken for analysis. TP was mea-
sured according to Murphy and Riley (1962)
after digestion with sulphuric acid/persulphate.
Samples were analyzed starting in 1969. A value
of 0.17 mg P1™" was estimated for 1967 on the
basis of the value for chemical oxygen demand
(COD) in that year. From 1970-1977 the ratio of
COD : TP averaged 19 : 1 (Verdugt 1981), and this
was used to calculate TP on the basis of a known
value of COD in 1967.

Chlorophyll-a (Chl-a) was measured spectropho-
tometrically at 625 nm after ethanol extraction;
from 1971 onwards. Summer averages were
obtained by averaging daily values for 1 April-
30 September, by linear interpolations between
individual measurements.

Phytoplankton ~were counted microscopically
using the Uthermohl technique. Cell numbers
were converted to biovolume using standard
geometric conversion factors for the different
species.

Zooplankton were collected by filtering 251 of
lake water over a net of 55 um mesh size, and
counted using a dissection microscope.

Chara coverage Between 1969 and 1987, data
were collected by visually mapping the outlines
of Chara spp. From 1987 onwards, the abun-
dance of aquatic macrophytes in 100 x100 m grid
cells was estimated yearly by sampling the sub-
merged vegetation with a double headed reek (see
Van den Berg and others 1999).

Zebra mussels Density of mussels was estimated in
1974, 1987, 1991, 1992, 1993, 1996, 1998 and
2000. Samples were collected using a box-corer.
Fish were sampled yearly from 1970 onwards
using beam trawls. Biomass of benthic fish
(mainly bream) was calculated per ha by dividing
the total catch by the lake area covered and
correcting for size-dependent catch deficiency
(see Lammens and others 2004 for a detailed
description).

Waterfowl have been counted each month since
1957 (see Noordhuis and others 2002). Changes
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Table 1. Equations for the Relationships between the Abundance of Bird Populations and the Abundance of
their Food (Chara spp for Herbivorous Birds and Dreissena polymorpha for Benthivorous Birds) in Lake Veluwe

Bird feeding guild Equation R? P-value
Herbivores (feeding on Chara) y =9.42 x —0.32 0.98 2.1 x 10722
Benthivores (feeding on Dreissena) y=1224x%x-16.4 0.90 3.2x 107

Y groups of birds in kg live weight; X consumer abundance in kg live weight. Herbivores included mute swan, Bewick’s swan, pintail, red-crested pochard, and coot.

Benthivores included pochard, tufted-ducks and golden-eye.

in the level of eutrophication of lakes are often
closely linked to changed use of the lake by water
birds (Noordhuis and others 2002 and references
therein). The close relationship between bird
numbers and availability of their food was used
to estimate Chara coverage and zebra mussel
density in the 1960s, during the initial clear
water state. These data are important in assessing
the full extent of hysteresis. Although true
measurements of Chara and mussels would have
been preferable, the relationships used are suffi-
ciently robust to warrant this approach. Methods
and results are described by Noordhuis and
others (2002). Equations used in the present
study were developed on the basis of monitoring
data from Lake Veluwe by Noordhuis (unpub-
lished results) (see Table 1 for equations). The
relationship between bird numbers and food
availability and the independence of explanatory
variables were examined using a Pearson prod-
uct-moment correlation test. Using the regres-
sions, Chara coverage and mussel densities
during the 1960s were estimated. Model out-
comes were successfully validated using data
from lakes adjacent to Lake Veluwe (lakes
Drontermeer and Wolderwijd) by comparing
estimated values to actual counts in those two
lakes. Model equations were evaluated by calcu-
lating R* and model efficiency (actual model fit).

In this paper, several statistical tests are used:
the Pearson product-moment correlation test, the
sign test and the Wilcoxon ranking test. The
Pearson product moment correlation was used to
relate bird numbers to their food (macrophytes
and mussels); the coefficient is a measure of how
well a linear equation describes the relation be-
tween two variables, X and Y measured on the
same object. It is defined as the sum of products of
the standard scores of the two measures, divided
by the degrees of freedom. In the sign test, the
hypothesis is tested that the n plus and minus
signs are sampled from a population in which two
kinds of signs are present in equal proportions. It
was used to test whether a relation between tur-

bidity and TP in the period of increasing eutro-
phication (pre 1979) differed from an average
relationship over the whole documented period.
In the non-parametric Wilcoxon ranking test, two
populations are combined and sorted in increasing
order and subsequently numbered (1...n). From
the sum of the ranking order numbers of the
member population, it can be calculated whether
the distribution functions of the populations are
significantly different. The test was used to test for
significant differences in cumulative frequency
distributions in Chl:TP and the nonalgal compo-
nent of light attenuation during different stages of
lake recovery (see Sokal and Rohlf 1995 for fur-
ther explanations of the tests).

Alternative States During Restoration

Figure 2 shows data obtained from monitoring of
Lake Veluwe: (a) TP; (b) Chl-a; (c) transparency;
(d) vertical light attenuation coefficient not related
to phytoplankton (in some literature referred to as
background turbidity); (e) percentage of the phy-
toplankton and biovolume of Planktothrix agardhii;
(f)y total charophyte coverage; (g) numbers of
Daphnia spp.; (h) density of zebra mussels (Dreissena
polymorpha); (i) biomass of benthivorous fish,
mainly bream (Abramis brama). In the history of
Lake Veluwe, three alternative stable states can be
distinguished, as theoretically predicted in Scheffer
(1998): (1) a lake wide turbid state in which
transparency was low throughout the lake, (2) an
intermediate state in which clear and turbid water
co-occurred, and (3) a lake wide clear water state.
Criteria that distinguish between these states are
given in Table 2. Ecosystem characteristics of four
different phases (representing, one turbid and one
intermediate state of co-existing clear and turbid
water, and two clear states, an intial and a final
clear state) in the eutrophication and recovery of
Lake Veluwe are summarized below. Regime shifts
typify transitions between those phases:

e Phase 1: initial clear state 1957—-1970 Lake Veluwe
was clear with extensive meadows of charo-
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Figure 2. Patterns in A total-P; B chlorophyll-a; C transparency; D vertical light attenuation coefficient not related to
phytoplankton ( = background turbidity); E biovolume of Planktothrix agardhii, as well as the percentage of the phyto-
plankton consisting of Planktothrix filaments; F internal charophyte coverage; G numbers of Daphnia spp; H density of
zebra mussels; and I biomass of benthivorous fish in Lake Veluwe between 1965 and 2000. Early data on charophyte

coverage and zebra mussel densities were reconstructed from bird numbers (see text for an explanation).

Table 2.

Initial Turbid State, an Intermediate State on the Route to Recovery and the Final Clear Water State

Criteria that Separate Three Stages in the Recovery of Lake Veluwe from Eutrophication: The

Turbid Intermediate Clear
TP (mg 1) >0.1 0.06-0.1 0.04-0.06
TN (mg 1) >2.2 1.35-2.2 <1.35
Chl-a (mg m™?) >50 10-50 <10
Transparency (m'') <0.4 0.4-1.0 >1.0
Phytoplankton Planktothrix bloom Diverse community Planktothrix absent
Daphnia grazing (d') <0.4 >0.4 in clear water phase >0.4 all summer
Dreissena Absent Increasingly present >300 ind m™
Chara Absent Colonization >30% internal coverage
Fish Benthivorous Perch and roach Piscivorous = Planktivorous
Birds Low numbers Increasing Carrying capacity

phytes; the lake bottom was visible throughout
the lake, even in summer. Planktothrix was
absent, but small ‘blooms’ of Microcystis oc-
curred in late summer (observations in Leentvaar
1961). In the final years of this period charo-
phyte coverage was already much reduced, as

was transparency (Figure 2C, F).
e Phase 2: turbid state 1971-1985 Chara was absent.
Planktothrix
observed (Berger 1987). A strong reduction in
P-loading, starting in 1979, resulted in a prompt
reduction of TP and Chl-a levels (decreasing to

Year-round blooms

of

were



Resilience of Alternative Stable States in Shallow Lakes 9

values around 50 pgl™' from peak values
>200 pg 1""). However, transparency did not
improve; pre 1979 Chl-a made up a major part of
light attenuation, post 1979 non-algal light atten-
uation predominated.

o Phase 3: co-existence clear and turbid water, beginning
of the recovery 1986—1995 Planktothrix no longer
dominated the phytoplankton composition, fol-
lowing a string of severe winters (Jagtman and
others 1992; Reeders and others 1998). Some
years later the first recolonization by Chara of the
shallowest parts of the lake occurred. During this
period, clear (above charophytes) and turbid
water (deeper parts of the lake) existed side by
side. The biomass of benthivorous fish initially
was still high in open water, but from 1994
onwards, there was a stepwise reduction in the
biomass that coincided with a rapid expansion of
Chara to the deeper parts of the lake and a return
of zebra mussels to Lake Veluwe (see Figure 2).

o Phase 4: final clear state, full recovery 1996 — present
Lake wide clear water (transparency >1 m over
long periods), stabilized by high Chara coverage
and high density of Dreissena. Bream as the
dominant fish species was replaced by planktiv-
orous species, like perch (Perca fluviatilis) and
roach (Rutilus rutilus). A temporary loss of
transparency in 2002 was related to large scale
dredging in the lake and record levels of precip-
itation; clear water state showed resilience
because transparency returned to high values
from 2003 onwards after dredging had finished.

Multivariate regression analysis (presented in
Portielje and Rijsdijk 2003) showed that charo-
phyte coverage was the principal factor influenc-
ing the (reduction in) algal turbidity. Non-algal
light attenuation was mainly correlated with
benthivorous fish biomass, whilst in this case the
charophyte coverage was not a significant factor
(P > 0.05). This suggests that the main events in
the recovery of Lake Veluwe were the initial
recolonization and steady expansion of charo-
phytes and reduction in benthivorous fish, which
may have allowed the expansion of Chara to the
deeper parts of the lake. Expansion of Chara is also
dependent on the build up of a sizeable propagule
bank, and this is one of the factors that contrib-
uted to a pattern of gradual colonization of the
lake (Van den Berg and others 2001). Zebra
mussels only increased to a high density exceeding
200 animals m? in 1996 once charophytes had
already reached a moderate coverage of more than
0.3 and bream had been reduced from 120 to 40
kg ha™! by intensive fishery (Lammens and others

2004). Thus, mussels seem to have strengthened
rather than initiated the clear water state. How-
ever, data for zebra mussels were available for
8 years only. Regression analysis on those eight
years indicated once more that charophyte cov-
erage is a better predictor for light attenuation
(R*=0.64, n=28) than zebra mussel density
(R*=0.16, n = 8). This is in contrast to the situa-
tion in several North American lakes where
invasion of zebra mussels cleared the water suffi-
ciently to stimulate the development of macro-
phytes (Griffiths 1992). Zebra mussels are
negatively affected by bream, both through
physical disturbance and resuspension of inorganic
sediment particles. We cannot be sure about the
route to full recovery if bream had not been re-
moved, but it seems likely that expansion of Chara
to the deepest parts at the initial high bream
density of 120 kg ha™' would have been hindered
and the zebra mussel population would not have
been established (Lammens and others 2004).

Zooplankton abundance in Lake Veluwe com-
monly followed a clear seasonal pattern, with the
highest densities in spring and reduced abun-
dance in summer. From 1994 onwards zoo-
plankton may have been able to control
phytoplankton in spring, but from June-July
onwards planktivorous fish often eliminated the
larger Daphnia and top-down control of phyto-
plankton by zooplankton grazing disappeared
(Meijer and Hosper 1997). The role of zooplank-
ton in maintaining clear water in lakes that are
rich in submerged macrophytes is subject to dis-
cussion. Whereas Jeppesen and others (1999) put
forward that zooplankton grazing plays a major
role, Blindow and others (2002) present evidence
for the opposite. For Lake Veluwe, data on zoo-
plankton are only available from 1990 onwards
and do not allow assessment of the potential role
of Daphnia in reducing Chl-a in the early stages
of lake recovery. What we can say is that unlike
the density of the other main phytoplankton
grazer in the lake (Dreissena), the numbers of
zooplankton did not show a positive trend in a
period of major change in Lake Veluwe, the lake
wide return of clear water (see Figure 2C, G, H).
Because Chl-g in this period (1990-2000) de-
creased from around 50 to less than 10 pg 17" the
ratio of zooplankton : phytoplankton increased
nevertheless, as is often seen during oligotrophi-
cation (Jeppesen and others 2005), so that the
relative grazing pressure by zooplankton must
have increased.

When data on transparency from over 30 years
of monitoring are plotted as a function of TP, again
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three alternative states can be distinguished. Fig-
ure 3 plots transparency and discriminates between
years in which (1) Planktothrix still dominated, (2)
filamentous cyanobacteria had been replaced by a
mixed phytoplankton community, and (3) years in
which Chara had regained a large coverage in the
lake. Figure 4 shows that in the three states the
frequency distributions of Chl-a : TP and the non-
algal light attenuation were significantly different
between the turbid and clear water state, whilst the
intermediate state did not significantly differ from
the turbid state (when more data points are in-
cluded in the analysis by pooling data from Lake
Veluwe with the bordering Lake Wolderwijd,
which has a very similar eutrophication history, all
3 stages come out significantly different).

In summary, the recovery was initiated by the
restoration measures that were taken to reduce TP.
Phosphorus loading to Lake Veluwe was mainly
reduced in one big step in 1979. The system re-
sponded promptly to the reduced external loading
in phosphorus: in-lake TP and Chl-a levels dropped
to values roughly 1/4 of their previous peak values
(Figure 2A, B). Hence phytoplankton (including
Planktothrix) seemed to be under direct—bottom up
control—of phosphorus. The response of lakes to a
reduction in TP is often delayed because of loading
of the top sediment layer during years of eutro-
phication (Sondergaard and others 2001). The
short residence time of the water in Lake Veluwe
(flushed in winter with water low in P, rich in Ca,
that is, the residence time was decreased at the time
when restoration measures were taken, but was

longer during the period of eutrophication—see
Jeppesen and others 2005 for discussion), com-
bined with a high pH buffering capacity and a
typical hydrology (high infiltration rates towards
the adjacent polder) reduced the significance of
internal P-loading (see Van der Molen and others
1998 for an extensive discussion). The response in
transparency to the reduction in TP was still much
delayed, however (Figure 2C), mainly because a
pool of easily resuspended matter had built up, and
this maintained the non-algal component of light
attenuation at a high level. The turbid state was
characterized by an initial period (1970-1976) in
which Chl-a determined most of the light attenu-
ation. Gradually, however, the non-algal compo-
nent started to build up too, so that in the late
1970s both components contributed equally to
light attenuation (Figure 2B, D). This was followed
by a period (beyond 1979) in which non-algal light
attenuation remained at high values exceeding
2 m™!, whilst attenuation by Chl-a was reduced to
less than 0.5 m™'. The first events related to a re-
turn to clear water were the loss of Planktothrix as
the dominant phytoplankton species, (Figure 2E)
and a return of charophytes to the shallow parts of
Lake Veluwe (Figure 2F). The reduction of bream
from 1994 onwards (Figure 2I) presumably pro-
moted the expansion of charophytes to deeper
water—also depending on the ongoing build up of
a propagule bank (Van Den Berg and others
2001)—and the return of zebra mussels to Lake
Veluwe (Figure 2H), and together these changes in
the biological communities led to the establishment
of a stable, resilient clear water state.

Hysteresis

Several different but interrelated forms of hystere-
sis in relation to TP were found during the recov-
ery. Turbidity in relation to TP showed a marked
hysteresis in Lake Veluwe (Figure 5A). Statistical
analysis of the data, using the sign test, shows that
the data points originating from the period of
increasing eutrophication (pre 1979) are signifi-
cantly (P = 0.006) below the dotted line that rep-
resents the ‘average’ relation of turbidity versus TP.
This line was constructed by fitting the data to a
Monod type equation using least squares optimi-
zation (Sokal and Rohlf 1995). Data from the per-
iod of decreasing TP concentrations (1979 and
further) are significantly (P = 0.02) above the dot-
ted line. Closely related is the hysteresis that oc-
curred in the non-algal component of light
attenuation (Figure 5B), which increased heavily
in the period 1974-1978, several years after the
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disappearance of the charophytes from Lake Vel-
uwe, and when algal biomass and TP concentra-
tions were already high. This background turbidity
decreased only slowly after the reduction of TP and
for a long time remained at the same high level.

The disappearance of charophytes in the 1960s
and their re-appearance in the early 1990s also
shows a marked hysteresis with respect to TP
(Figure 5c). Although no precise data on both
charophyte coverage and TP in the early and mid
1960s exist (for an explanation on how data were
derived see the Methods section), concentrations
of TP estimated from COD:TP ratios were consid-
erably higher than TP concentrations when
charophytes returned to Lake Veluwe some 20—
30 years later. For the period 1960-1968 the areal
fraction of the lake that was covered with charo-
phytes ranged from 0.6 in the early 1960s to 0.1
in 1967 and 1968. In 1969, the first year with
actual measurements, considerable charophyte
coverage was still present in Lake Veluwe, whilst
the summer mean TP concentration already ex-
ceeded 0.20 mg1™'. After 1969 the charophytes
disappeared altogether and the lake ecosystem
completed its shift to a turbid state with histori-
cally low levels of transparency (further 50%
reduction to <0.2 m). The restoration process fol-
lowed a different route. The summer mean TP
concentration had declined below 0.10 mgl™'
before the first charophytes returned around
1990. The time course of charophytes versus TP as
shown in Figure 5C thus shows that their recov-
ery occurred at lower TP than their fall in the
1960s, indicating hysteresis.

The disappearance and recovery of the zebra
mussels in Lake Veluwe in relation to TP show a
comparable pattern of hysteresis (Figure 5D). The

historical mussel densities in the 1960s and early
1970s reconstructed from bird numbers of golden-
eye (Bucephala clangula), pochards (Aythya ferina)
and tufted duck (Aythya fuligula) indicate a com-
plete disappearance of the mussels during the per-
iod 1967-1970, again at higher TP than during
their return in the second half of the 1990s.

Unfortunately hysteresis in the phytoplankton
(expressed either as Chl-a or abundance of Plank-
tothrix) cannot be demonstrated in the same way
because Chl-a levels already exceeded 200 pg 17" in
the early 1970s and Planktothrix was already dom-
inating the phytoplankton when monitoring began
(we have data on the downward trend in Chl-a
after nutrient reduction in 1979, but lack data on
the upward trend with eutrophication in the
1960s). What can be said is that TP in those first
years in which Planktothrix dominated the summer
phytoplankton community (described by Berger
1975, 1987) exceeded 0.2 mg 17!, whilst TP was
only half that value in 1985, at the time when
Planktothrix disappeared as the dominant species in
the phytoplankton.

All of our analyses focus on hysteresis related to
TP. Recently, Gonzalez and others (2005) con-
cluded that the importance of nitrogen in lake
hysteresis may have been underestimated. No
complete dataset is available for N in Lake Veluwe.
The earliest measurement is from 1977 when TN
exceeded 6 mg1™'. In the period when macro-
phytes returned and expanded, N-levels were
much lower than in the 1970s, but in most years
they still exceeded 2 mg1~'. A survey of Danish
shallow lakes showed that high macrophyte cov-
erage occurred only when summer mean TN was
below 2 mg N I'!, irrespective of the concentration
of TP, which varied between 0.03 and 1.2 mg 1™
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(Gonzalez and others 2005). High N concentrations
may have been prohibitive for the expansion of
Chara in Lake Veluwe. Summer average levels of
TN were below the threshold (around 1.2 mg 17')
in 1996 and 1997, years when Chara showed it
most rapid expansion (coverage from <0.3 to >0.6;
Figure 2F). It is possible that relatively high N-
levels have contributed to hysteresis in the recov-
ery of Lake Veluwe, as suggested by Gonzalez and
others (2005), but we cannot confirm this.

DiscussioN

Clear water with abundant macrophytes is the
reference situation for lakes in the Netherlands.
The EU Water Framework Directive demands that
lakes should (at least) approach this reference sit-
uation by 2015. Currently however, many of the
lakes are still in the turbid state, despite decades of
nutrient control measures. Additional efforts are
required to overcome hysteresis and to achieve a
shift to clear water and macrophyte dominance.
The aim of this paper is to improve our under-
standing about the occurrence of alternative stable

states and hysteresis in the recovery of shallow
lakes from eutrophication. We do so by analyzing
more than 30 years of data of a well-studied lake,
Lake Veluwe. It should be noted, however, that
field data alone cannot provide conclusive evidence
for the occurrence of alternative stable states
(Scheffer and others 2001; Scheffer and Carpenter
2003). However, hints from field data may for in-
stance be found in: (1) abrupt changes in time
series; (2) dual relationships to control factors; (3)
regime shifts triggered by disturbance, and (4)
hysteresis. Support for these factors can be found in
the monitoring data of Lake Veluwe as discussed
below.

After its formation, Lake Veluwe remained clear
with an abundant presence of charophytes (Leen-
tvaar 1961). Research has shown the importance of
macrophytes in maintaining a stable clear water
state (for example, Blindow and others 2002)
or—following the definition of Gunderson
(2000)—in strengthening the resilience of the sys-
tem under pressure of eutrophication. The turbid
state also showed resilience: it resisted a shift back
to the clear state, despite successful efforts to re-
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duce TP drastically. Hysteresis in the recovery can
be seen in both abiotic factors and biological com-
munities (Figure 5). Degraded systems are often
characterized by species that respond differently to
interactions that maintained the structure and
composition of the original state (Suding and oth-
ers 2004). This may have been the case in Lake
Veluwe, where dense blooms of filamentous cy-
anobacteria were a distinctive feature of the early
stages of the turbid state. Filamentous cyanobac-
teria cannot be grazed easily by filter feeders like
Daphnia (unlike Dreissena) (Dionisio Pires and oth-
ers 2005), and this may have prevented a spring
clear water phase, with obvious negative conse-
quences for establishment of macrophytes. Plank-
tothrix, through its physiological—for example, a
low energy maintenance coefficient—and mor-
phological characteristics, is well adapted to growth
in turbid water (Mur and others 1978; Reynolds
1997). Early on in the turbid state (pre 1979),
Planktothrix thus maintained the turbid environ-
ment that fostered its own persistence. The degree
of shade (quantified as the product of depth and
light attenuation) created by Planktothrix in Lake
Veluwe was significantly higher than that created
by a mixed phytoplankton community, typical of
the intermediate phase of lake recovery (Scheffer
and others 1997). It is an example of a dual rela-
tionship to control factors (Scheffer and Carpenter
2001).

Gradually the reduction in TP in 1979 was fol-
lowed by changes in the phytoplankton commu-
nity, and the long-term dominance of Planktothrix
was broken. The number of Planktothrix filaments
and its biovolume (Figure 2) were reduced in the
early period of recovery of Lake Veluwe. However,
Planktothrix remained the dominant species until
the mid 1980s, when it was replaced by a more
mixed phytoplankton community. The high level
of non-algal light attenuation presumably made it
difficult for other species to compete in the lake at
that time, and background turbidity was reduced to
less than 2 m™~" before Planktothrix lost its dominant
position. Factors other than improvement of the
underwater light climate may have contributed to a
shift in phytoplankton too. The mid 1980s were
characterized by long periods of ice cover in a string
of cold winters. A severe winter results in a low
inoculum of filamentous cyanobacteria, which may
reduce the size of the summer blooms (Jagtman
and others 1992; Reeders and others 1998). The
size of the inoculum is especially important for
relatively slow growing phytoplankton like larger
cyanobacterial species (Reynolds 1997). It is typical
that often the proximate—but not ultimate—cause

of a regime shift is of a stochastic nature, like
variations in climate. Lowe and others (2001)
contest the view of Bachmann and others (1999)
that storms initiated and maintained turbid water
in Lake Apopka, Florida. In contrast, they put for-
ward that wind disturbance may have accelerated
the collapse of the submerged vegetation, but that
in the period before eutrophication wind distur-
bance was insufficient to shift the lake into a turbid
state.

Arguably one of the pivotal steps in the recovery
of Lake Veluwe was the re-colonization of the
shallowest areas by charophytes, which locally led
to clear water (Scheffer and others 1994; Coops and
Doef 1996). The sharp transition zones between
turbid and clear water provide a spatial analogue to
the jumps that can be seen in the time series of, for
instance, transparency or Chara coverage. This
spatial heterogeneity that was maintained over a
number of years can be taken as further support for
the existence of alternative stable states. Even early
in the recovery, the local clear water state above
the charophytes was quite stable and was restored
quickly after a storm (Scheffer and others 1994).

The final step in the restoration occurred when
the area with clear water expanded to the whole
lake, that is, transparency was high even outside
the plant beds. Reduction in bream density must
have been one of the important steps promoting
the transition to the final stage in lake recovery
(Lammens and others 2004). An acceleration in
lake recovery is evident from the sigmoidal in-
creases in transparency, charophyte coverage, and
zebra mussel density (see Figure 2), and is in
accordance with theory (Scheffer and others 2001;
Scheffer and Carpenter 2003). The very low phy-
toplankton biomass in this period cannot be ex-
plained by the reduced TP concentrations only, as
also the ratio Chl-a : TP was reduced significantly
(see Figure 4). This may have been caused by
feedback mechanisms of submerged macrophytes
that control phytoplankton (Van Donk and Van De
Bund 2002), as well as by the high filtration rate of
zebra mussels that returned to Lake Veluwe in
large numbers. Dreissena can only develop under
conditions of limited silt sedimentation as they
need a firm substrate (Dionisio Pires and Van Donk
2002). Through filtration and the excretion of
(pseudo) fecal pellets with a relatively high settling
velocity, mussels thus improve their own habitat,
and help to maintain the stability of the clear water
state. Interestingly, invasion by Dreissena has been
implicated in a return of cyanobacterial blooms to
some of the North American Great Lakes. The
complexity of direct (grazing) and indirect (for



14 B. W. Ibelings and others

o
n

clear
04 o o SD=1.0 m
//
03k by R locally
clear

SD=0.5 m

o
)
T

o
T
>

A
o® o °

<
lb_k ks 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3

areal coverage of charophytes (-)

(=1

total-P (mg L-1)

o SD<0.5m ASD=05-1.0m o SD>1.0m

Figure 6. Dependence of critical transparencies of 0.5
and 1 m on TP and (internal) macrophyte coverage. A
transparency of greater than 1 m can only be achieved
when internal macrophyte coverage exceeds 30% (see
graph, upper line). In the absence of charophytes the
lake is turbid unless TP is very low. Isohypse lines were
calculated as the TP concentrations for which the median
simulated value of summer mean transparency (SD)
equaled 0.5 and 1.0 m respectively, using the stochastic
model described by Portielje and Rijsdijk (2003). Indi-
vidual data points are based on field measurements.

example, nutrient recycling) effects of mussels on
phytoplankton in lakes of different nutrient status
may explain why these zebra mussels may have
such contrasting effects in different ecosystems (see
Sarnelle and others 2005).

We have argued in this paper that (re-)coloni-
zation of the lake by macrophytes and mussels, as
well as the reduction in benthivorous fish played
key roles in the recovery of Lake Veluwe. For fu-
ture management of the lake it is perhaps as critical
to maintain a proper equilibrium between the
biological communities as it is to control nutrients.
Figure 6 shows how transparency depends on TP
and macrophyte coverage. The figure distinguishes
between transparencies of 0.5 and 1.0 m, which
were typical for the intermediate, respectively final
phase of lake recovery. A transparency of greater
than 1 m can only be achieved when internal
macrophyte coverage exceeds 30%, unless TP is
very low. If charophytes are abundantly present,
transparency appears not to be very sensitive to
(limited) increases in TP; there is only a small risk
of a collapse into the turbid state. Phosphorus
loading to Lake Veluwe is indeed likely to increase
in the future (argumentation given in Portielje and
Rijsdijk (2003), that is, increased precipitation,
resulting in discharge from the small streams that
flow into Lake Veluwe, and that have their catch-
ments in agricultural areas) and—as the past has
shown—there are limits to what the lake ecosystem
can handle (resilience). Even a resilient clear water

state will be lost when P-loading exceeds certain
thresholds. Original attempts to abate eutrophica-
tion in the Netherlands were focused on control of
phosphorus only. It was soon realized, however,
that in many cases this was insufficient to desta-
bilize the turbid state. Biomanipulation became a
popular tool for lake management in the Nether-
lands (Meijer and others 1999). In Lake Veluwe,
care should be taken to preserve Chara coverage,
but handling of Dreissena and fish stocks also re-
quires attention. When the biota are managed
properly TP concentrations of 0.1-0.15 mg 17!
should not be fatal to the clear water state (Portielje
and Rijsdijk 2003).

The analysis of decades of monitoring data of
Lake Veluwe, as done in this paper, provides an
example of the occurrence of alternative stable
states and hysteresis during lake recovery from
eutrophication. Although we discuss the likely
drivers of the regime shifts, formal demonstration
of cause and effect is not possible on the basis of
field data only (Havens and Aumen 2000). Whe-
ther the existence of alternative stable states in
shallow lakes can truly be proven may, however,
not be directly relevant to lake management.
Ignoring the possibility of catastrophic regime
shifts has proven costly and may send restoration
efforts in the wrong direction (Suding and others
2004). Gunderson (2000) calls for ‘adaptive
management’: we should acknowledge that eco-
system behavior is unpredictable and should not
strive to control this. Efforts to reduce the risk of
unwanted regime shifts should primarily focus on
maintaining ecosystem resilience through bal-
anced management of nutrients and lake com-
munities alike.
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