
































Statistical methods — Significance of the water temperature trend was assessed using the
trend-free pre-whitening procedure (Yue ef al. 2002). As a test for the occurrence of a
phytoplankton biomass regime shift we used Rodionov’s regimes shift detection method
(RRSD, Rodionov 2004). Results of the test were robust against reasonable choices of the
model parameters, i.e., the minimum regime length (5 - 25 years) and the Huber weight
parameter (0.5 - 1). In addition, we fitted the long-term development of total phytoplankton

biomass and water temperatures with a modified logistic function,

e’l‘——/
Y=a+b e
l+e
which connects two periods of stable state variables by a transitional period: Y, is total

r

phytoplankton biomass, respectively WT in year t, a and b determine the biomasses,

respectively WT at the two stable periods, and T denotes the inflection year, i.e., the year with

the largest change in Y;.

The relationship between phytoplankton groups and potential environmental drivers (TPyx
and WT) was analysed using generalized additive models (GAMs) with Gaussian errors and
restricted maximum likelihood (REML) as smoothness selection method using the mgcv
package within R (Wood 2006). Phytoplankton biomasses and TPyx were log-transformed to
achieve normality and variance homogeneity and to allow for a better comparison with
published phytoplankton biomass — phosphorus relationships (Watson et al. 1992). GAMs fit
smoothing functions of the independent variables and hence permit nonlinear relationship
between dependent and independent parameters. The estimated degrees of freedom (e.d.f.)
indicate the degree of non-linearity of the GAMs, e.d.f. close to 1 imply linear relationships
and e.d.f. > I progressively higher-order relationships. e.d.f. close to zero indicate that the
estimated smooths for a specific independent variable have been virtually removed from the
model. In such cases (when e.d.f. <0.5) no p — values are reported by the mgcv package

because distributional approximations of p — values break down (Wood 2006). When smooths
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of an independent variable were non-significant or their e.d.f. were close to 0, we refitted the
model without them in order to verify that the smooths of the parameters remaining in the

models have not changed and model deviances have not strongly increased.

To analyse whether phytoplankton groups displayed compensatory, independent or
synchronous dynamics, we calculated two related community metrics, VR (Schluter 1984)
and ¢@p (Loreau & de Mazancourt 2008). Both metrics relate the variance of the community

biomass (C) to the variances of the biomasses of individual taxa (P;) within the community:

_var(C)
S
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As var(C) = Z var(P)+ 222 cov(F, P,), a VR of 1 occurs when taxa fluctuate

P

independently or when positive and negative covariances between species neutralise each
other exactly (Gonzalez & Loreau 2009). A VR > 1 indicates that the sum of co-variances
among taxa is positive (synchronous dynamics), whereas a VR < 1 (compensatory dynamics)
occurs when the sum of covariances is negative. In contrast, ¢p is standardized between 0 and
1 denoting perfect compensatory and perfect synchronous dynamics, respectively. Using ¢p it
is possible to directly compare communities differing in the number of taxa considered. It
additionally makes no specific assumption about the magnitude and distribution of biomasses
and variances (Loreau & de Mazancourt 2008). Both community metrics were calculated for
distinct periods within the time series (HBP, LBP, TTS). In addition, we performed an 11-
year ‘moving window’ analysis and an ‘expanding window’ analysis. For the latter, we first
calculated both community metrics for the time period from 1965-1975. Then the calculation
window was continuously expanded by one additional study year until the full time series was

included. 95 % confidence intervals of VR and ¢p were calculated with time series
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bootstrapping using the R package boot (Canty & Riley 2010). To account for the
autocorrelation structure of the time series we used bootstrapping through block resampling
(Davison & Hinkley 1997) with a mean geometric block length of 5 years. Estimated
confidence intervals were robust in respect to changes in block length.

In order to study the overall community trajectories, we calculated Bray-Curtis community
composition dissimilarities between the study years, which were used as a basis for NMDS
ordination and to test for relationships between community dissimilarity and the ratio of
TPmix values between years (Mantel test). Data analysis was performed using the software
packages SAS for Windows 9.12 (SAS Institute 1988) and R for Windows 2.9.1 (R

Development Core Team 2005).
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Appendix S2 The relationship between annual average biomasses of phytoplankton
groups and TPyx

logso biomass [mg/L]

10g10 TPmix [MG/L]

Fig. S2-1 Relationships between logo transformed total phosphorus concentrations and
log-transformed biomasses of a) cyanophytes (CYA), b) chrysophytes (CHR), ¢) centric
diatoms (CDI), d) pennate diatoms (PDI), e) dinophytes (DIN), f) cryptophytes (CRY), g)
chlorophytes (CHL) and h) Conjugales (CON). The solid lines present the significant smooths
(& 2 SE, grey areas) of the generalized additive models with TPy;x as independent variable
(see Table 1). The dashed grey lines indicate the temporal trajectories based on a three year
moving average. The black dots represent the start of the study period (1965), the grey dots

the years of eutrophication, and the white dots the subsequent years of oligotrophication.
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Appendix S3 Results of statistical analyses relating phytoplankton biomasses lagged by
two years with TPyix (lagged by two years) and WT

Table 1. Summary of GAMs relating phytoplankton biomasses of total phytoplankton lagged
by two years (TOTAL) and of the different phytoplankton groups to TPwmix (lagged by 2
years) and WT (full model) and to TPyx and WT separately. Abbreviations used for
phytoplankton groups are: cyanophytes (CYA), chrysophytes (CHR), centric diatoms (CDI),
pennate diatoms (PDI), dinophytes (DIN), cryptophytes (CRY), chlorophytes (CHL) and
Conjugales (CON). For all variables in the models the estimated degree of freedom (e.d.f) and
F values with corresponding significance levels (*** P <0.001, ** P <0.01, * P <0.05, ns P
> 0.05) are shown. Model performance is indicated by the deviance explained (dev. expl.) of
the respective models.

Variables TPuix WwT
taxon model e.d.f. F e.d.f. F dev. expl.
TOTAL full 270 17.19 *** 3,96 2.87 * 84.4 %
TPuix 2.79  33.26 *** - - 76.1 %
WT - - 3.04 Q.7 1 Penx 52.1%
CYA full 2.41 25.6 *** 1.4e-05 2.8e-05 ns 67.7 %
TPuix 2.41 25.6 *** - - 67.7 %
WT - - 2.12 5,79 % 332 %
CHR full 0.71 2.42 ns 0.78 3.54 ns 26.8 %
TPuix 2.04 5.06 * - - 23.8%
WT - - 1.44 T.19 ** 25.8%
CDI Full 0.97  38.19 ***  0.29 0.43 ns 57.4 %
TPumix 0.98  50.13 #** - - 56.7 %
WT - - 2.12 8.44 *** 40.0 %
PDI full 1.0e-05 7.8e-05 2.36 295 * 25.5%
TPuix 4.54 ns - - 24.5%
WT - 1.45 ns 2.36 295 * 0.0 %
DIN full 0.64 0.87ns 4.7e-05 3.3e-05 5.84 %
TPwmix 0.64 1.8 ns - - 5.84 %
WT - - 2.5e-05 2.3e-05ns 0.0 %
CRY full 225 1121 #%* 3.1e-05 1.09e-07 47.7 %
TPwmix 2.25 1121 %% - - 47.7 %
WT - - 1.62 344 * 19.4 %
CHL full 299 3948 *** 2,07 3.07 * 88.7 %
TPmix 2,99  58.57 *x* - - 85.7%
WT - - 0.96 22.47 *** 37.6 %
CON full 2.67 25.51 3.4¢e-05 1.3e-05ns 70.0 %
TPumix 2.67 25.51 - 70.0 %

WT - - 2.18 8.99 42.1 %
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Appendix S4 Results of ‘expanding window’ and ‘moving window’ analyses with
biomasses of the year 1988 replaced by average biomasses of the years 1987 and 1989.
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Fig S4-1 a) ‘expanding window’ analysis of variance ratios, and b) 11-year ‘moving window’
analysis of variance ratios. In the ‘expanding window’ analysis the first data point presents
the respective value for the period 1965-1975, subsequent ones time periods starting in 1965
and lasting until the year shown on the x — axis. In the ‘moving window’ analysis the
midpoint of the moving window is shown on the x-axis. Vertical lines and shaded areas
represent 95% bootstrap confidence intervals with block resampling (see Appendix S1). The
vertical dashed line at VR = 1 indicates independent dynamics. Biomasses of the year 1988
were replaced by average biomasses of the years 1987 and 1989 in order to demonstrate that
the overall VR dynamics is not strongly influenced by the high biomass values of the specific
year 1988.
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Appendix S5 Factors limiting phytoplankton during the high biomass and low biomass
periods :

Lake Constance has traditionally been considered as a predominantly phosphorus limited
system (Sommer 1987). Extensive studies by Sommer (Sommer 1983;Sommer & Stabel
1983;Sommer 1984b;Sommer 1984a;Sommer 1985;Sommer 1986;Sommer 1987) during the
eutrophic period revealed that besides phosphorus also silicate, light and grazing limited
phytoplankton growth in Lake Constance. Limitation by silicate, light and grazing during the
vegetation period is an indirect consequence of high phosphorous input and consequently
increased algal biomass. High algal (diatom) biomasses caused increased silicate depletion
during the growing season, strong light absorption due to the photosynthetic pigments of
algae especially in upper water layers (Tilzer 1983), and high abundances of zooplankton,
especially of Daphnia (Straile & Geller 1998). CO, has not been considered as a potential
limiting factor in the studies undertaken by Sommer (Sommer 1983;Sommer & Stabel
1983;Sommer 1984b;Sommer 1984a;Sommer 1985;Sommer 1986;Sommer 1987) and
unfortunately no measurements on dissolved CO, concentrations are available. However, as
CO; consumption by algae will increase the pH of the water column (Wetzel 2001), pH
maxima may be used to infer the severeness of CO; limitation. Laboratory experiments have
shown that especially growth of chrysophyte species is restricted at low CO,, respectively
high pH levels, apparently due to a lack of carbon-concentrating mechanisms used by most

other algae and therefore missing access to inorganic carbon sources (Maberly et al. 2009).



Limnetic enclosure experiments suggest termination of population growth of several
chrysophyte species when pH exceeded 8.8 (Reynolds 1986). The reduction of phytoplankton
biomass with oligotrophication hence should have resulted into an increased light availability
in deeper water layers, increased silicate concentrations due to reduced demand by diatoms,

decreased pH maxima and reduced zooplankton, especially Daphnia abundances.

Fig. S5-1 compares the high versus low biomass periods in respect to chl a profiles of the
water column, relative occurrences of limiting concentrations of soluble reactive phosphorus

and silicate, annual pH maxima and zooplankton abundance — algal biomass ratios.
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Fig. S5-1 Factors limiting phytoplankton during the high biomass and low biomass
periods. a) Mean chlorophyll a profiles during HBP (full symbols) and LBP (open symbols).
Horizontal lines indicate + 2 standard errors (SE). b) relative frequency of soluble reactive
phosphorus measurements below 10 pg/L within the upper 20 of the water column during
HBP and LBP, c) relative frequency of silicate measurements below 500 pg/L within the
upper 20 of the water column during HBP and LBP, d) Mean annual pH maxima during HBP
and LBP within the upper 20 m of the water column. €) Daphnia and f) copepod abundance to
algae biomass ratios during HBP and LBP. Vertical bars indicate + 2 SE, significance levels
are classified as * p<0.05, ** p<0.01, *** p<0.001, n.s. p>0.05

Chl a concentrations have strongly decreased from the HBP to the LBP in the upper water
layers suggesting higher light availability below a water depth of e.g. 5 m. However, note that
chl a concentrations in the two periods approach each other with increasing depth, i.e., there is

no indication that the decline of phytoplankton biomass was due to a vertical displacement of



phytoplankton biomass beyond the 0-20m sampling depth. HBP and LBP differed strongly in
respect to the mean relative frequency of limiting soluble reactive phosphorus (SRP) and
silicate concentrations in a study year, maximum pH values in each study year and average
Daphnia abundance — phytoplankton biomass ratios, but not in copepod abundance —
phytoplankton biomass ratios. While SRP concentrations during the HBP were below a
threshold indicating phosphorus limitation (Sommer et al. 1993) on average during 15 % of
measurements within a year, this value rose to an average of 90 % during the LBP indicating
that phosphorus was at concentrations limiting phytoplankton growth almost during all
measurements within the upper 20m of the water column during this period. In contrast,
relative frequencies of silicate measurements below a threshold indicating silicate limitation
(Thackeray et al. 2008) decreased approximately 3-fold from the HBP to the LBP. Likewise
yearly pH maxima declined and daphnids declined disproportionately as compared to
phytoplankton biomass from the HBP to the LBP. Note that daphnids are considered to have a
much stronger impact on phytoplankton than copepods due to their larger size and higher
filtrations rates.

Overall, the results presented here suggest that phytoplankton during the HBP was limited by
a multitude of factors including phosphorus, light, herbivory, silicate and possibly CO5;
whereas in the LBP phosphorus limitation increased strongly and the importance of other

limiting factors has decreased.
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