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Abstract

The link between compensatory dynamics and regime shifts is not well understood. We analyse a regime
shift in phytoplankton in a large lake with respect to: (1) environmental forcing and (2) the type of dynam
ics (compensatory or synchronous) between phytoplankton groups. The regime shift in phytoplankton was
related to gradual changes in nutrient levels, but unrelated to an almost concurrent shift in climatic condi
tions. The relationship between total phytoplankton biomass and phosphorus concentrations was sigmoid.
Trajectories of phytoplankton biomass and community dynamics suggest that eutrophication effects can
successfully be reversed when management efforts decrease nutrient loading to a level sufficiently low to
overcome community resilience. The regime shift was associated with a loss of biomass compensation and
compensatoty dynamics among the phytoplankton groups. This suggests that the type of interactions is
important for a better understanding of the existence and shape of nonlinear responses of phytoplankton

biomass to environmental change.
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INTRODUCTION

Human activity during the past centuty has put increasing stress on
natural ecosystems in almost all habitats on the earth (Vitousek e /.
1997; Jackson e al. 2001; Smith & Schindler 2009). During the last
decade, it has become increasingly clear that ecosystem responses to
stress are often nonlinear and may involve abrupt changes or even
catastrophic shifts after critical environmental conditions have been
surpassed (Scheffer ¢/ a/. 2001). The specific response trajectories to
environmental change, i.e. smooth, abrupt or catastrophic, also have
major implications for the system’s ability to recover from stress or
disturbance (Duarte ¢ a/ 2009).

The response of food webs and communities to environmental
change is mediated by their properties, including their taxonomic
and functional diversity and types of species interactions. For exam
ple, important factors and processes conttibuting to the stability of
ecosystem functioning are biodiversity via, e.g. portfolio effects
(Schindler e al. 2010) and response diversity (Elmqvist e a/. 2003)
and the existence of compensatory dynamics between different pop
ulations (Gonzalez & Loreau 2009). In a changing environment,
abundance decreases of species susceptible to a specific environ
mental driver may be compensated by increased growth of less sen
sitive taxa. An abrupt shift in ecosystem response to environmental
change therefore may be the consequence of the decline of the
compensatory capacity of the community. While there are studies
showing that compensatory dynamics in response to environmental
change or variability exist in natural communities (Fischer e/ a/.
2001; Bai e/ al. 2004; Gonzalez & Loreau 2009), there is hardly any
study in which fast shifts in ecosystem states are linked to the exis
tence, decrease and final collapse of compensatory dynamics.

Lake communities provide classical examples for abrupt shifts in
ecosystem status and multiple attractors caused by changes in

nutrient influx (Scheffer e a/. 2001; Scheffer & Carpenter 2003; Car
penter 2005). Resilience of phytoplankton communities to respond
to management efforts reducing nuttient inflow into lakes has been
observed in many studies (e.g. Jeppesen ef al 2005). Typically,
responses of phytoplankton biomass to nutrient reductions lagged
behind several years and presumably occurred only once nutrient
loading or concentration fell below a critical level. The total phyto
plankton biomass and its dynamics are aggregate, respectively, emer
gent properties of the dynamics of individual phytoplankton taxa.
Hence, analysing the dynamics of different phytoplankton groups is
crucial for understanding the dynamics and responses of total phyto
plankton biomass. Phytoplankton communities are known to be rich
in both species and functional types, and many laboratory experi
ments have shown that they are strongly structured by competition
and can show a high response diversity (e.g. Sommer 1989 and refer
ences therein). A rtesilience of phytoplankton biomass to directly
track decreasing nutrient levels might suggest that declines of sensi
tive species are compensated by opposing responses of more tolerant
taxa, thereby buffering the effects of environmental change. A time
delayed response of total biomass might then indicate that the
temaining capacity of the community to compensate for biomass
declines of some taxa is not strong enough any more to maintain
community stability. Here, we test this hypothesis with the analysis
of an exceptional long term data set of phytoplankton sampled in
Lake Constance over 43 study years. Lake Constance is of outstand
ing importance as a recreational site and as one of the most impor
tant drinking water reservoirs in Europe, providing water for about 4
million people. Severe eutrophication of the lake during post war in
dustrialisation was stopped at the end of the 1970s, and finally
reversed with a comprehensive sewage purification programme for
the whole catchment area at a cost of mote than 4 billion US $. The
43 years considered in this study cover the last 15 years of the
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eutrophication period of Lake Constance, its peak and 28 year petiod nutrient requirements and uptake kinetics and importance of differ
of subsequent oligotrophication. Hence, these data provide a unique ent nutrition modes (photoautotrophy or mixotrophy) (Litchman
possibility to examine: (1) the potential resilience of phytoplankton et al. 2007).

response to nutrient changes, (2) the role of phytoplankton interac
tions in this response and (3) whether this response was characterised
by hysteresis, i.e. differing biomass and community trajectories during
eutrophication and oligotrophication. We tested for the occurrence of a regime shift in our time series

using Rodionov’s regime shift detection method (RRSD, Rodionov

2004). As this test indicated a regime shift for WT and phytoplank
MATERIAL AND METHODS ton biomass, we fitted these long term developments with a modified
logistic function, which connects two stable petiods by a transitional
period. The relationship of annual mean phytoplankton biomasses

Statistical methods

Study site and sampling

Lake Constance is a deep (Zmean = 101 m) warm monomictic lake (and biomass lagged by 2 years) to TPyyx and WT was analysed with
in central Europe. As a proxy of the lake’s trophic status in each generalised additive models (GAMs) (Wood 2006). To analyse
specific sampling year, we used the total phosphorus concentration whether phytoplankton groups displayed compensatory, independent
measured during the TFebruary/March mixing period (TPpx, or synchronous dynamics duting distinct time petiods, we calculated
Fig. 1a). In total, 1040 phytoplankton samples were taken from two related metrics, the variance ratio (VR) (Schluter 1984) and ¢p
1965 to 2007 at the centre of Upper Lake Constance. For details (Loreau & Mazancourt 2008). Both metrics relate the variance of the
on phytoplankton sampling procedutes and measurements of TP community biomass to the variances of the biomasses of individual
and water temperature (WT), see Appendix S1. Phytoplankton spe taxa within the community. A VR of 1 occurs when taxa fluctuate
cies were grouped into eight major taxonomic groups: Cyanobacte independently or when positive and negative covariances between
ria, Chrysophyta, Cryptophyta, Dinophyta, Chlorophyta, Conjugales species neutralise each other exactly (Gonzalez & Lotreau 2009). A
and two orders of Bacillatiophyceae, Centrales and Pennales. All VR > 1 indicates that the sum of covariances among taxa is positive
statistical analyses were done at this taxonomic level. This phyloge (synchronous dynamics), whereas a VR < 1 (compensatory dynamics)
netic grouping is a close analogue to a functional grouping, as these occurs when the sum of covariances is negative. In contrast, ¢p is
groups differ in important functional featutes like size, motility, standardised between 0 and 1, denoting petfect compensatory and
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Figure 1 Temporal development of (a) total phosphorous concentrations during winter mixis (open symbols) and annual average water temperatures (blue line and dots),
(b) total phytoplankton biomass, () anomalies of the biomasses of cyanophytes (CYA), chrysophytes (CHR), Conjugales (CON) and cryptophytes (CRY) and (d)
biomasses of pennate diatoms (PDI), centric diatoms (CDI), chlorophytes (CHL) and dinophytes (DIN). No phytoplankton data were available for the time period
shaded in panel la. The temporal development of water temperature and phytoplankton biomass was fitted with a modified logistic function: Y, a+ b—'—/e.,—l, with
parameter estimates of a  9.95 £ 0.09 SE, b 0.76 £ 0.12 SE and T 1989 £ 1 SE for water temperature and a  0.51 £ 0.05 SE, b 0.58 + 0.06 SE and
T 1991 £ 1 SE for phytoplankton biomass.



petfect synchronous dynamics respectively. We calculated VR and
¢p for the total time series and for subperiods. To analyse to which
extent these metrics are scale dependent, i.e. sensitive to the length
of the analysis petiod, and the range of environmental conditions
encountered, we performed an ‘expanding window’ analysis: we first
calculated both community metrics for the time petiod from 1965 to
1975. Then the calculation window was continuously expanded by
one additional study year until the full time series was included. The
temporal dynamics of the type of community interactions duting the
study petiod were investigated via performing an 11 year ‘moving
window’ analyses of VR and ¢p. Bray Curtis dissimilarities between
the study years were used as a basis for non metric multidimensional
scaling (NMDS) ordination and to test for relationships between
community dissimilarity and differences in TPyx between years
(Mantel test). For details on the calculation of community metrics
and statistical analyses, see Appendix S1.

RESULTS

During the first 15 years of the study petiod, phosphorus concen
trations during the winter mixing petiod (TPyx) increased twofold
to a maximum of 87 pg TP L™, followed by a subsequent approxi
mately tenfold decrease towards the most recent years (Fig. 1a).
Epilimnetric WT increased during the study petiod (T = 0.32,
P < 0.005). However, this inctease was not gradual, but included a
rather steep change in 1988 (Fig. 1a, RRSD, P < 0.0001). The
annual average of phytoplankton biomass was remarkably stable
during the first two decades of the study period (Fig. 1b). Thereaf
ter, biomass declined within a few years approaching a new phase
of stable, but lower biomass since the mid 1990s. RRSD suggests
the existence of one regime shift in the time seties occurting in
1990 (P < 0.0001), i.e. 2 years after the shift of WT. The timing of
the biomass shift was also supported when fitting a2 modified logis
tic function, which indicated an inflection point in 1991 (Fig. 1b)
and stable biomasses until approximately 1986, and again from
approximately 1996 onwards. These two petiods of relative biomass
stability will be referred to in the following as ‘high biomass petiod’
(HBP) and ‘low biomass period’ (LBP) tespectively. Taxonomic
groups differed strongly in their temporal dynamics showing bio
mass decreases (cyanophytes, chlorophytes, conjugatophytes and
centric diatoms), biomass increases (chrysophytes) as well as com
plex dynamics (pennate diatoms, ctyptophytes and dinophytes)
(Fig. 1c,d). However, with the exception of pennate diatoms, bio
masses of all groups differed significantly between HBP and LBP
(¢ tests, all 2 < 0.05)

Biomasses of all phytoplankton taxa  with the exception of di
nophytes  were significantly related to TPypx (Table 1, Appendix
S2), but not to WT in the full model (Table 1). Removing TPy;x
from the models strongly reduced deviances and changed the e.d.
f’s, ie. the form of the biomass WT relationships (Table 1). In
contrast, temoving WT from the full models did neither signifi
cantly reduce deviances nor changed the e.d.f’s of the biomass
TPyx relationships (Table 1). This suggests that the significance of
WT biomass models for some taxa is spurious and most likely
results from the negative correlation between TPyyx and WT
(r= —0.6, 2 < 0.001).

The type of biomass relationships with TPyyx vatied strongly
between the different algal groups, i.e. from a linear biomass
increase with increasing TPyqx, saturating or sigmoid relationships,
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Table 1 Summary of GAMs relating phytoplankton biomasses of total phyto-
plankton (TOTAL) and of the different phytoplankton groups to TPyyx and
WT (full model) and to TPyx and WT separately

TPaix wT

Taxon model edf. F ed.f. F dev. expl.
TOTAL full 2.89 33.3 #kx 28 ¢ 05 3e 06 ns 75.8%
TPaix 2.89 33,3 %k 75.8%
WT 0.94 16.45 *** 29.8%
CYA full 2.54 21,9 #xk 0.69 226 ns 69.9%
TPanx 243 26,2 *x% 67.2%
wWT 1.8 428 * 23.7%
CHR full 0.91 10.2 ** 7.1 e 06 3e 06ns 21.3%
TPaix 1.60 5.2 % 23.5%
wT 1.39 2.7 ns 14.4%
CDI full 0.98 46.8 HHk 1.8 ¢ 06 2e 07 ns 53.8%
TPaix 0.98 46.8 HHk 53.8%
wWT 1.81 4.70 * 24.4%
PDI full 2.97 2.8 * 1.51 2.02 ns 36.1%
TPanx 3.37 3.1 % 30.2%
wT 1.64 1.7 ns 12.7%
DIN full 0.65 1.9 ns 1.5e 06 8¢ 08 ns 5.83%
TPanx 0.65 1.9 ns 5.83%
WT 4.40 2e 05ns 0.00%
CRY full 2.38 11.8 Hkx 26¢e 05 2¢ 06ns 49.0%
TPaux 2.38 11.8 dokx 49.0%
wT 0.89 8.14 *x 18.1%
CHL. full 312 45.5%4% 0.98 0.51 ns 86.8%
TPaix 3.07 60.0 wxk 85.7%
. wT 223 7.91 %k 39.0%
CON full 2.77 14,8k 0.67 2.04 ns 71.4%
TPaix 2.84 24.7 #kx 69.7%
wT 0.96 25.86 *** 39.5%

Abbreviations used for phytoplankton groups are: cyanophytes (CYA), chryso-
phytes (CHR), centric diatoms (CDI), pennate diatoms (PDI), dinophytes (DIN),
cryptophytes (CRY), chlorophytes (CHL) and Conjugales (CON). For all vari-
ables in the models, the estimated degrees 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.

decreases with increasing TPyx, to a complex relationship with a
biomass maximum at intermediate TPyyx values (Appendix S2).
Total phytoplankton biomass (Fig. 2), i. the aggregated property
of the biomass responses of the individual taxa, was sigmoidally
related to TPyyx (Fig. 2, GAM, e.d.f. = 2.89, P < 0.0001), but no
relationship with WT was evident (e.d.f. = 2.8 x 107%. We also
found no convincing evidence for an influence of WT on annual
average phytoplankton biomasses when we considered a time lag of
biomass of 2 years to account for the shift in WT 2 years before
the total phytoplankton biomass shift (Appendix S3).

High biomass period and LBP differed with respect to: (1) the
existence of compensatory dynamics and (2) the importance of
TPynx for structuring the phytoplankton community. During HBP,
the phytoplankton community showed compensatory dynamics
(Fig. 3a) and community change was significantly related to changes
in TPynx (Fig. 3b), whereas during LBP, phytoplankton group bio
masses varied independently based on VR, but synchronously based
on ¢p (Fig. 3a) and their changes were not significantly related to
changes in TPypx (Fig. 3b). Considering the total time series, phy
toplankton  groups showed significant synchronous dynamics
(Fig. 3a) and community dynamics were strongly related to TPyqx
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Figure 2 Relationship  between  logyy  transformed  total phosphorus

concentrations and total phytoplankton biomass. The solid line represents the fit
of the generalised additive model (see Table 1). The grey areas represent + 2 SE
of the fit. The dashed grey line indicates the temporal trajectories based on a
3-year moving average. The black dot represents the start of the study period
(1965), the grey dots the years of eutrophication and the white dots the
subsequent years of oligotrophication.

dynamics (Fig. 3b). Differences in ¢p between petiods paralleled
those observed for VR.

The ‘expanding window’ analysis shows VRs around 0.5 up to a
window, which encompasses the first half of the study period until
1987 (Fig. 3c). The further inclusion of study yeats afterwards
resulted into continuously increasing VRs shifting the dynamics
from compensatory towards independent dynamics. Note that
compensatory dynamics started to cease in importance prior to the
phytoplankton regime shift. After 1997, overall dynamics among the
phytoplankton community components became significantly syn
chronous. The 11 year ‘moving window” analysis supports this over
all trend towards higher VR values (Fig. 3d). However, this analysis
suggests motre complex dynamics also within the HBP and LBP
and strongest synchronous dynamics during the eatly 1990s, i.e. dur
ing the transition between HBP and LBP. The dynamics of ¢p par
alleled those of VR, both in the moving window and expanding
window analyses (data not shown). Note that both the ‘expanding
window’ and ‘moving window’ analyses show a rather large increase
of VR in 1988 (Fig. 3c, d), which is caused by the peak of total bio
mass occurting in this year (Fig. 1b). Overall VR dynamics were,
howevet, not strongly influenced by this specific year, which can be
demonstrated by substituting the biomass values of 1988 with aver
age values from 1987 and 1989 (see Appendix S4).

Biomass trajectories, shown as 3 year running means (Fig. 2,
Appendix S2), suggest that biomass responses to TPyx of all taxo
nomic groups at TPyx values > 40 pg L~" did not depend on
whether TPyux was increasing or decreasing. This is supported by
the residuals of the GAM smooths, which did not exhibit a signifi
cant temporal trend (all 2> 0.05, except for Conjugales and Cryp
tophytes). Likewise, analyses at the community level do not suggest
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and low biomass periods (LBP) and for the total time series (TTS), (b) Mantel r
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Vertical lines and shaded areas represent 95% bootstrap confidence intervals.
The vertical dashed line at VR 1 indicates independent dynamics.



different community states during eutrophication and oligotrophica
tion at TPy;x levels above 40 pg TP L~". The NMDS ordination
clearly separated the most eutrophic from the most oligotrophic
study periods, but suggests a similar community composition in
both periods with mesotrophic conditions, ie. the years 1965 1972
during eutrophication and the years 1984 1996 during oligotrophi
cation (Fig. 4a). The reversal of community composition is also evi
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Figure 4 () NMDS ordination of study years based on Bray Curtis
dissimilarities of phytoplankton groups (stress  0.135). Eutrophic years are
shown as green, mesotrophic years as dark blue and oligotrophic years as light
blue triangles. The years from 1965 to 1979 are shown as upward triangles
(eutrophication years), the year from 1980 to 2007 as downward triangles
(oligotrophication years). The arrows show the ordination of the different
phytoplankton groups: for abbreviations see Fig. 1. (b) Bray Curtis dissimilarities
of phytoplankton composition in the year shown on the x axis with the
phytoplankton composition in 1965 (black), 1966 (red) and 1967 (blue). Lines
represent loess fits.
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dent in the development of Bray Curtis dissimilarities of the first
3 years with the following years until 1990 (Fig. 4b). Dissimilarities
to these first years strongly increased until peak eutrophication and
then started to decrease again, resulting in a highly significant qua
dratic relationship with time (all three adjusted R* > 0.3,
P < 0.01). As a consequence, dissimilarities of the years 1965 1967
with the year 1968 were very similar to those with the year 1990, as
were TPy values (1968: 36 pg/L, 1990: 39 nug/L).

DISCUSSION

Using a four decade data set on phytoplankton dynamics, we show
that a gradual change in nutrient availability of over one order of
magnitude during eutrophication and subsequent oligotrophication
was associated with a strong and fast decline of biomass within a
few years. Such a rapid decline is a regime shift sems# Scheffer &
Carpenter (2003) and Andersen ¢/ a/. (2009). To demonstrate bista
bility, i.e. the existence of two locally stable stationary states in a
dynamical system, a data set with several shifts between two
different states would be necessary (Scheffer & Carpenter 2003;
Andersen ef al. 2009). The sudden shift in phytoplankton biomass,
i.e. the regime shift observed in Lake Constance separated two sta
ble periods of annual average phytoplankton biomass, but is not
sufficient evidence for bistability.

The regime shift occurred concurrently with the disappearance of
both, biomass compensation, i.e. the adjustment of total biomass to
environmental change, and compensatory dynamics between
different phytoplankton groups. This might suggest that: (1) the
maintenance of the community’s capacity for biomass compensation
and compensatory dynamics and (2) after a critical nutrient level
was surpassed, the lack of compensation, and loss of compensatory
dynamics, were key mechanisms leading to the phytoplankton bio
mass regime shift in Lake Constance. During the high biomass
state, TPyyx encompassed a range between 35 and 87 g L™" and
shifted from mesotrophic to eutrophic conditions and back. During
this time period, community change was strongly related to changes
in TPy, i.e. increases of some taxa with increasing nutrients were
offset by decreases of other taxa resulting in a remarkable resilience
of phytoplankton biomass. After the end of the period with signifi
cant compensatory dynamics, biomass dropped to 47% within a
few study yeats, although during this time TPyx decrease did not
accelerate. The magnitude of this regime shift is large compared to
regime shifts observed in other large aquatic ecosystems. For exam
ple, recent, presumably climate related, regime shifts in the equato
rial Pacific and the North Sea were associated with a 36% decline
in phytoplankton biomass in the former case (Chavez e /. 2003),
and a 13 21% increase in the latter case (McQuatters Gollop e a/.
2007). Likewise, the invasion of Flathead Lake by opposum shrimp
was suggested to have shifted primary productivity upward by 21%
(Ellis e# a/. 2011). More data are needed to see whether there is a
relationship between a community’s capacity for compensation and
the magnitude of the regime shift after an environmental threshold
has been surpassed.

The shift in water temperatures observed in Lake Constance is
also found in other aquatic habitats, e.g. lakes (Anneville e a/.
2005), rivers (Hati e/ al. 2006), matine sites (Alheit ez a/ 2005) and
even groundwater (Figura e/ a/. 2011), and triggered by variability of
the Arctic Oscillation (Figura e /. 2011). In Lake Constance, the
regime shift of total phytoplankton biomass was statistically unre
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lated to this shift of water temperatures, but instead related to grad
ual changes in TPyx. Furthermore, the observed patterns of phyto
plankton biomass and composition are largely opposite to those
expected from warming, as it is generally believed that warming will
resemble and intensify effects of eutrophication on food webs
(Moss et al. 2011) and result in e.g. higher biomasses of cyanobacte
ria (Paerl & Huisman 2008). More importantly, there is no convinc
ing mechanistic explanation on why fast growing phytoplankton
should decrease only with a delay of 2 years in response to
increased water temperatures: (1) surface temperatures of Lake Con
stance never exceeded 24 °C, which suggests that the step wise
increase of 0.7 °C was unlikely to result in temperatures exceeding
algal physiological optima, theteby reducing their growth rates, (2)
Likewise, this increase will have only a small effect on zooplankton
feeding rates and cannot overcompensaté for the decline of herbi
vores with oligotrophication (Appendix S5), (3) Warming did not
result in a reduced length of the stratification period and (4) We
also found no evidence for a role of enhanced stratification and
subsequently reduced nutrient transport to the epilimnion for the
phytoplankton decrease, e.g. substituting a measute of water column
stability, the Schmidt stability, for WT in GAMs did not improve
model performance related to models only considering TPyx as an
independent variable (statistical analyses not shown). Note that our
results do not imply that warming has no influence on the plankton
succession and the pelagic food web of Lake Constance, which is
clearly not the case (e.g. Straile ef 4/ 2010). However, this influence
seems not to be detectable on the scale of interest in this study, ie.
annual averages of phytoplankton biomass within the upper 20 m
of the water column. At this scale, biomass dynamics seem to be
driven strongly by changes in the trophic status of the lake. This
result, detived from the GAM models, is furthermore strongly con
sistent with longitudinal and cross sectional field data (e.g. Watson
et al. 1997; Jeppesen et al. 2005), as well as laboratory experiments
(Sommer 1989) with respect to relative phytoplankton occurrence
and performance patterns. To summarise, the decrease of phyto
plankton biomass in Lake Constance is statistically unrelated to and

although we cannot fully exclude a role of temperature in, e.g.
triggering the timing of the regime shift  unlikely caused by the
step wise increase of water temperatures in 1988 in this lake. Hence,
our results support Scheffer & Carpenter (2003) suggesting that fac
tors slowly undermining resilience such as steady nutrient influx
may be as important causes for tegime shifts as more stochastic
events like climate anomalies and/or species invasions. Similatly,
regime shifts in other ecosystems should not be unctitically attrib
uted to changes in climate even when thete is an almost concurrent
climatic shift, as in the case of Lake Constance.

Phytoplankton community dynamics cleatly differed during both
stable states. The HBP was characterised by compensatory dynamics
among the phytoplankton taxa and year to year community dissimi
larities were related to TPyqx differences. Duting the LBP, neither
compensatory dynamics nor a relationship of community dynamics
to TPyux was observed (Fig. 3a,b).This is in accordance with recent
results from grassland expetiments where stronger compensatory
dynamics were observed in fertilised communities (Grman ef a/.
2010). In contrast, in a microcosm expetiment, phytoplankton spe
cies showed higher compensatory capacity at low nuttient availabil
ity (Zhang & Zhang 2006). However, these results might be less
relevant for functionally diverse natural phytoplankton communities,
because only six chlorophyte species were used as 2 model commu

nity. That said, our data and these experiments clearly show that
the occurrence of compensatory dynamics is context dependent and
that nutrient availability is an important factor regulating the type of
interactions in algae and plant communities.

Our study also highlights the scale dependency of the relationship
between compensatory dynamics and biomass compensation and also
of the occurrence of compensatory dynamics. Compensatory dynam
ics and biomass compensation ate tightly related concepts, but their
occurrence within a community is not necessarily linked, i.e. compen
sation can occur in the presence or absence of compensatory dynam
ics, and vice versa (Gonzalez & Loreau 2009). In our case, this
relationship changes depending on the length of the time series con
sidered: During the HBP, compensation was associated with compen
satory dynamics, duting the LBP, compensation was associated with
independent or even synchronous dynamics of phytoplankton
groups, whereas when considering the whole time series, synchronous
dynamics were associated with the lack of compensation, i.e. a regime
shift. Thus, consideting the complete study period, our results seem
to support a recent review suggesting that compensatory dynamics
are rare in nature (Houlahan e/ a/ 2007). However, this conclusion
based on the prevalence of positive covatiances in community time
series has been suggested to be premature (Gonzalez & Loteau 2009)
because positive covariances can be consistent with compensatory
dynamics (Loreau & Mazancourt 2008) and because scale resolving
methods, i.e. methods that allow the simultaneous consideration of
different time scales, may be necessary to detect compensatory
dynamics (Vasseur e a/. 2005). Our study demonstrates that the
occurrence of compensatory dynamics depends also on the scale of
environmental change. Changes in the type of community dynamics,
i.e. a shift towards synchronous dynamics within a zooplankton com
munity were also observed in response to acidification (Keitt 2008).
In our study, only during a specific range of phosphorus concentra
tions, some phytoplankton taxa were able to compensate for the
decline of less tolerant taxa, whereas after a critical phosphorus
threshold was passed, community dynamics became synchronous.
Hence, during the high biomass state, strong compensatory dynamics
of phytoplankton in response to gradual environmental change
existed. Indeed, strong ‘out break’ compensatory dynamics are pre
dicted to occur when there are high levels of autocorrelation in the
environment (Gonzalez & Lotreau 2009). Under these circumstances,
the detection of compensatory dynamics seems to be possible even
without the use of scale resolving methods.

The loss of compensatory dynamics with oligotrophication may
be caused by a change in the dominance pattern of factors limiting
phytoplankton growth occurring during the transition from the high
biomass towards the low biomass state. Large phytoplankton
blooms in the HBP led to strong depletion of silicate and CO, and
increased light attenuation within the water column (Appendix S5).
In the LBP, phosphorus concentrations were strongly limiting
throughout most of the season (Anneville e/ 4/ 2005), and low
phytoplankton abundances were less able to reduce the availability
of silicate, carbon and light (Appendix S5). Simultaneously,
daphnids declined during oligotrophication in Lake Constance (Stich
& Brinker 2010) indicating that also grazing losses decreased
(Appendix S5). Consequently, the system shifted from a multifacto
rial control during the HBP (Sommer 1987), in which the control
ling factor probably differed between phytoplankton groups (see
below), to a strong bottom up control dominated by phosphorus
limitation for most phytoplankton groups.



Despite the loss of compensatory dynamics, total phytoplankton
biomass was also rather stable in the low biomass petiod. The resil
ience of phytoplankton to further track the threefold decline of
TPhnx after the mid 1990s might possibly be the result of reduced
daphnid grazing, which declined threefold from the early 1990s
towards 2007 (Stich & Brinker 2010), i.e. a decline exceeding that
of phytoplankton biomass. As a consequence, the Daphnia abun
dance/phytoplankton biomass ratio decreased (Appendix S5). This
might suggest that the main factor contributing to overall phyto
plankton biomass resilience shifted from algal algal interactions dur
ing the high biomass state to algal zooplankton interactions in the
low biomass state. This pattern is partially consistent with food
chain theoty, which predicts a shift in the importance of bottom up
to top down control in structuring communities with changing eco
system productivity (Oksanen e/ a/. 1981).

Our results also have important implications for the management
of lake ecosystems. When considering the range from ultra oligo
trophic to hypereutrophic trophic states, the relationship between
phosphorus concentrations and phytoplankton biomass (Watson
et al. 1992), or phosphorus concentrations and chlorophyll (Mc
Cauley et al. 1989) among lakes has been shown to follow a sig
moid form with nitrogen limitation resulting in a plateau of the
phosphorous biomass relationship at TP levels exceeding approxi
mately 1000 pg L™". Our study is the first demonstrating such a
sigmoid relationship for an individual lake. However, in Lake Con
stance, the plateau, or carrying capacity with respect to phosphorus
is not due to nitrogen limitation (Sommer 1987), but rather due to
a multitude of limiting factors (see above, Appendix S5, Sommer
1987), which most likely affect the various phytoplankton groups
differently and thereby induce a vatiety of individual responses of
the algal taxa leading to the observed compensatory dynamics. For
example, high phytoplankton biomasses during periods of high
phosphorus loading can result in silicate limitation for diatoms
(Huber et al. 2008), CO, limitation especially for chrysophytes
(Mabetly et al. 2009), or light limitation, which might first affect
chlotophytes, cryptophytes and dinophytes (Schwaderer e /. 2011).
Cleatly, detailed analyses of the relationships between phytoplank
ton groups and other potential drivers are logical next steps to pur
sue; such detailed analyses are, however, beyond the scope of this
study. Nevertheless, our results indicate that the observed sigmoid
phosphorus  phytoplankton relationship across lakes (McCauley
et al. 1989) covering several orders of magnitude of phosphorus
and biomass values might be actually composed by a multitude of
lake specific sigmoid phosphorus phytoplankton relationships
each covering a smaller individual range of phosphorus and bio
mass values.

Total phytoplankton biomass, the biomass of most taxonomic
groups as well as community composition showed a similar
response to TPyux variability independently, whether TPypx was
increasing or decreasing (see trajectories in Figs 2 and 4b,
Appendix S2), ie. there was no strong evidence for hysteresis
(Scheffer & Carpenter 2003). Currently, it is unclear to what
extent the reversibility of phytoplankton trajectories in TLake
Constance is also present at a) a higher taxonomic resolution, e.g.
at species level and b) for an extended range of TPy values.
Diatom species lists from sedimentaty records which extend also
to time periods prior to the 1960s, ie. to the pre eutrophication
period, show that at least some species (e.g. Achnanthes minutissina,
Cyclotella  cyclopuncta, Tabellaria fenestrata) which disappeared during
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eutrophication eventually reappeared in the course of oligotrophi
cation (Kiimmetlin 1998). Reversibility of trajectories after a fast
recovery from high levels of diffusive nutrient inflow has also
been shown for a diatom community in an Irish lake (Donohue
et al. 2010). Likewise, zooplankton response to fish additions
revealed reversibility and smooth transitions between community
states (Mittelbach ¢ @/ 2006). This suggests that community
changes that were caused by environmental change might at least
partly be reversible also at the species level. On the other hand,
microevolutionary adaptation might result into irreversible changes
in populations as has been suggested for the cladocetan Daphnia
in Lake Constance (Brede ¢ a/ 2009). However, for a diatom
species in a Danish fjord, no changes in genetic structure with
eutrophication were found (Hirnstréom ef @, 2011). Hence, it is
presently not clear whether and to which extent microevolutionary
changes will prevent the reversibility of phytoplankton trajectoties.
Nevertheless, the results presented in our study seem to be in
contrast to the results of Duarte e a/ (2009), which suggest that
phytoplankton trajectories in coastal seas should be characterised
as non reversible due to regime shifts and shifting baselines.
Rather, the Lake Constance phytoplankton data suggest teversibil
ity despite the occurrence of a regime shift and a shift in baseline
temperatures. However, the conclusion of Duarte ¢/ a/ (2009) was
not based on statistical analyses but primarily on visual examina
tion of phytoplankton trajectories in four case studies. In deep
lakes, the lagged response of phytoplankton biomass during phos
phorus decline has also been regarded as evidence for hysteresis
(Dokulil & Teubner 2005). However, in almost all deep lakes,
high quality data cover mostly the period of oligotrophication,
whereas only sparse data document the process of eutrophication.
Hence, in most other studies, analyses whether and to which
extent the biomass response. to oligotrophication really differed
from that to eutrophication in deep lakes was not possible.
Cleatly, there is a need for more data to allow for a robust evalu
ation regarding the reversibility of phytoplankton trajectoties as a
consequence of nutrient reduction efforts in these lakes and in
other aquatic systems. Likewise, it should be acknowledged that
our conclusions should be viewed keeping in mind the general
limitations of observational studies. Hence, there is an urgent
need to test experimentally whether specific types of community
interactions or changes in the type of community interactions may
prevent, delay or cause regime shifts.

CONCLUSIONS

Using a unique data set of phytoplankton dynamics covering four
decades, we show that compensatory dynamics maintained stable
phytoplankton biomasses over a large gradient of phosphotus con
centrations. Presumably, only after phosphorus concentrations fell
below a critical threshold, compensatory dynamics within the phyto
plankton community ceased and consequently biomass dropped to
a lower level within a few years. The Lake Constance case study
shows that the trajectories of eutrophication can be reversed suc
cessfully in deep lakes. However, to reduce phytoplankton biomass,
restoration measures needed to overcome the compensatory capac
ity of the phytoplankton community. Long term changes in the
phytoplankton community of Lake Constance hence provide an
example showing that continuous environmental change can affect
the compensatory capacity of a natural community.
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Appendix Al Detailed description of material and methods

Sampling of phytoplankton and abiotic parameters - Phytoplankton was sampled from
1965 to 2007 at the centre of Upper Lake Constance. During these 43 years a total number of
1040 phytoplankton samples was taken, which corresponds on average to an approximately
half-monthly sampling regime. The seasonal resolution of sampling was higher in the first 4
study years (30-48 samplings per year) and lower in 1972, 1974 and 1975 (13-15 samplings
per year). From 1965 — 1975 the phytoplankton sampling procedure comprised discrete depths
sampling of the 0-50 m water column with a Ruttner sampler, thereafter the 0-20 m water
column was sampled with an integrated Schroder sampler. A depth of 20 m is considered as
the maximal vertical extent of the euphotic zone in Lake Constance during eutrophic and
mesotrophic years (Tilzer & Beese 1988). To achieve comparability between both sampling
methods, biomass estimates until 1975 were adjusted by assuming that phytoplankton was
evenly distributed throughout the water column when the water column was fully mixed, but
concentrated in the upper mixed layer during the stratified season. We assume that the water
column within the upper 50 m is fully mixed if gradients along water temperature profiles did
not exceed 1 °C m™'. The extension of the upper mixed layer was estimated from water
temperature profiles as the minimum depth (zmin) at which a gradient exceeding 1°C m™
occurs. If zyi, <20m all phytoplankton is assumed to be concentrated in the upper 20 m of the

water column, i.e. the water column sampled after 1975. Hence, phytoplankton biomass



estimates prior to 1976 were adjusted according to Bagj = Bo.so * 50/Zmin, With Zyiy varying

between 20 and 50.

After fixation in Lugol’s iodine solution phytoplankton cells were enumerated using inverted
microscopy (Utermohl 1958) and taxonomically resolved mostly to species or, where not
possible, to a higher taxonomic level. For the most part of the study period (1984-2007), one
of us (RK) was responsible for counting and identification of the species which ensured the
comparability of the data. Abundance estimates were converted to fresh mass based on
measurements of species-specific cell volumes, using a specific weight factor of 1.03 g/cm?
(Hillebrand ef al. 1999). The response of phytoplankton to changing nutrient concentrations
varies seasonally and is expected to be stronger in e.g., summer as compared to spring
(Anneville et al. 2005;Gaedke 1998). Oligotrophication results in an increase of the seasonal
window of limiting phosphorus concentrations from only a short period during summer in
eutrophic years towards a longer period encompassing summer and spring during oligotrophic
years (Anneville et al. 2005). In order to adequately consider also this seasonal increase of the
phosphorus limitation window on phytoplankton biomass, we focus our analyses on annual
averages of biomasses and not on e.g. summer averages. In order to achieve a homogenous
and seasonally balanced data set for the calculation of annual biomass averages, the latter
were calculated from a data set linearly interpolated to a evenly spaced matrix of 26 data
points per year.

Chemical variables and water temperatures were measured monthly or biweekly (since 1995)
at water column depths of 0, 5, 10, 15, 20, 30, 50, 100, 200, and 250 m using standard
methods (Rossknecht 1998). Zooplankton samples were collected with net hauls (mesh size

100 pm) from 100m depth (Seebens et al. 2007).



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

var(C)

D)

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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