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We investigated the factors shaping the response of summer phytoplankton biomass to declining phosphorus (P)
concentrations in a lake undergoing restoration (South basin of Lake Lugano, Switzerland and Italy). During
1989–2019, summer P concentrations declined from values typical of eutrophic lakes (>30 μg L−1 ) to values
typical of mesotrophic lakes (10–30 μg L−1 ). Contrary to expectations, this decline was not followed by a decline
in phytoplankton biomass. Instead, phytoplankton biomass showed the highest values in summers with lowest P
concentrations. This paradoxical effect was associated with a change in phytoplankton composition. Higher P
concentrations were associated with higher relative biomass of green algae, lower P concentrations with higher biomass
of cyanobacteria and diatoms. We interpreted this change as a shift from edible and P-demanding phytoplankton to
inedible and P-efficient phytoplankton, leading to different trophic structures. The pattern observed may be prompted
by the particular conditions of deep lakes approaching mesotrophy, including occurrence of deep-water P reserves
and high N concentrations, which can beneﬁt inedible metalimnetic cyanobacteria. To attain reductions in summer
phytoplankton biomass, restoration efforts may need to further reduce P concentrations and, possibly, address N
enrichment.
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INTRODUCTION

Fig. 1. Pathways that can inﬂuence phytoplankton biomass in lakes.
Phytoplankton quality includes all traits that determine grazeability and
conversion efficiency. Green paths indicate effects through changes in
resource control; red paths indicate effects through changes in trophic
structure.

Lepori and Capelli 2020). Moreover, across years, phytoplankton biomass was negatively associated with phosphorus concentration, that is, summers with lower phosphorus concentrations were paradoxically associated with
higher accumulations of phytoplankton biomass (Lepori and Capelli 2020). In other seasons, phytoplankton
biomass was uncorrelated with phosphorus, suggesting
that it was shaped by other factors (e.g. grazing in spring
and autumn, temperature in winter). Reducing summer
phytoplankton biomass is a key target of restoration programmes because phosphorus tends to be most limiting
during this season (Carlson 1977) and summer conditions
are particularly important for lakes used for recreation
(Dillon and Rigler 1975). A better understanding of the
relationship between summer phytoplankton biomass and
phosphorus would ﬁll a gap in fundamental ecological
research and help lake managers identify more effective
restoration practices.
We attempted to identify the factors that shaped
the response of summer phytoplankton biomass to the
declining phosphorus concentrations in the South basin
of Lake Lugano by analysing monitoring data (1989–
2019) of plankton, ﬁsh, water chemistry and temperature.
We used a three-step approach. In the ﬁrst step, we
tested the hypothesis that changes in phytoplankton were
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Research on the relationship between plant biomass and
nutrients is long standing, but observations from natural
communities keep providing new insights. A striking
example arises from eutrophic (phosphorus-enriched)
lakes undergoing restoration by phosphorus reduction.
A key aim of restoration is to decrease phytoplankton
biomass, which is assumed to be phosphorus limited
(Dillon and Rigler 1975; Schindler 1977). Yet, in some
cases, declines in phosphorus have resulted in no effects
or unexpected (“paradoxical”) phytoplankton biomass
increases (Anneville et al. 2019; Lepori and Capelli
2020; Müller et al. 2021). For example, in a study of
35 lakes undergoing restoration, summer phytoplankton
biovolume (an index of biomass) did not change in four
lakes and increased in three lakes, indicating that these
responses are not rare (Jeppesen et al. 2005). The mixed
responses to restoration point to a blind spot in our
knowledge of the factors that inﬂuence phytoplankton
biomass in lakes.
Paradoxical or no responses to restoration have been
attributed to offsetting changes in abiotic resources or
grazing by herbivorous zooplankton. Resources might
change following restoration due to coincidental increases
in water temperature and solar radiation (Anneville et al.
2019). Grazing might change for at least three reasons:
(i) phosphorus reductions tend to increase the cellular
carbon-to-phosphorus ratio (C:P) of phytoplankton (Hessen 2006), causing declines in Daphnia, a key herbivorous
zooplankter that has high dietary requirements for P (the
stoichiometric bottleneck hypothesis, Van Donk et al.,
2008); (ii) phosphorus reductions, perhaps along with
warming, can alter taxonomic composition and result
in more grazing-resistant phytoplankton (the food quality hypothesis, Anneville et al. 2019); and (iii) phosphorus reductions and warming can lead to increases in
planktivorous ﬁsh, causing a reduction in herbivorous
zooplankton (the planktivory hypothesis, Anneville et al.
2019). Therefore, there are several and non-exclusive
pathways that could lead to no or unexpected responses
to restoration (Fig. 1). However, to our knowledge, no
study has examined how these pathways jointly affect the
phytoplankton biomass of lakes undergoing restoration.
The problem explored in this study stems from the
surprising response of phytoplankton biomass observed
in a temperate lake undergoing phosphorus reduction
(the South basin of Lake Lugano, Switzerland and Italy).
An analysis of nearly three decades of data (1989–2017)
indicated that, during this period, summer phytoplankton
biomass did not decline, even though total phosphorus
(TP) concentrations were more than halved (from an average of 39 μg L−1 in 1989–93 to 17 μg L−1 in 2013–2017;
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become more frequent in recent years (all four skipped
turnovers recorded since 1983 occurred after 2006).
Nutrient pollution in Lake Lugano started around the
mid-1900s. By the 1970s the lake was hypereutrophic,
with turnover concentrations of TP in the South basin
approaching 200 μg P L−1 (EURATOM 1977). Restoration by phosphorus control started in the late 1970s with
the goal to re-establish mesotrophic conditions, deﬁned
as primary production <150 g C m−2 yr−1 and oxygen
concentrations >4 mg L−1 (Imboden 1992). A TP concentration target of 30 μg P L−1 (average annual concentration) was set to achieve this target (Imboden 1992).
Phosphorus reduction was pursued through improved
sewage management and a ban on the use of phosphate
detergents (Lepori and Roberts 2017). These measures
reduced phosphorus loads and in-lake concentration by
∼3–4 times (Lepori 2019a). For example, in the South
basin, concentrations of TP during turnover declined
from 94 μg P L−1 in 1989 to 34 μg P L−1 in 2019.
In contrast, the reduction of nitrogen loads was not a
restoration target. As a result, in the South basin, since
the late 1980s, concentrations of total nitrogen remained
consistently above 1 mg N L−1 . Currently, the primary
production and oxygen concentration targets have not
been achieved and the restoration is ongoing (Lepori and
Capelli 2021).
The concentrations of nutrients observed in the
South basin of Lake Lugano following the restoration
strongly suggest that the lake is primarily phosphorus limited. According to literature, in fresh waters,
P-limitation is expected at P concentrations ∼<10 μg L−1

caused by changes in trophic structure (allocation of
biomass to different trophic levels, measured by the ratio
between herbivorous zooplankton and phytoplankton
ZOOH :PHYTO) rather than changes in production.
In the second step, we used a framework for trophic
structure to identify the ecological factors that inﬂuenced
ZOOH :PHYTO (candidates: phytoplankton edibility,
phytoplankton speciﬁc production and ﬁsh abundance).
In the third step, we assessed how phosphorus concentrations and water temperature (a potential confound,
see Methods) inﬂuenced these factors. We expected that
the results would identify the pathway(s) that linked
phosphorus and temperature to summer phytoplankton
biomass. Links along these pathways were analysed using
regression models.

METHODS
Study site
Lake Lugano is a natural lake located at the southern edge
of the Alps (Switzerland and Italy; Fig. 2). The South
basin is one of the two main basins of the lake (North
and South), which are separated by a causeway. The
South basin is a relatively deep (95 m) and medium-sized
(20.3 km2 ) temperate lake. Because of the mild regional
climate (average air temperature > 10◦ C) the basin does
not freeze and has a warm monomictic regime, turning
over in late winter or early spring (January–March).
Exceptionally, following milder-than-usual-winters, the
lake can skip turnovers, a phenomenon that might have
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Fig. 2. Geographical location of Lake Lugano and position of the sampling station.
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Study design
Changes in phytoplankton biomass along a gradient of
phosphorus concentrations can be caused by changes in
productivity or changes in trophic structure (e.g. Lepori
and Capelli 2020, Fig. 1). These effects are difficult to
disentangle without a priori models. Here we hypothesized that changes in productivity were unlikely in the
range of TP concentrations spanned by the lake during
the study period. Our hypothesis was based on empirical evidence that primary production in lakes does not
decline signiﬁcantly until turnover or average annual TP
concentrations decline below a critical threshold of 15–
20 μg L−1 (Smith 1979; Müller et al. 2021). Therefore,
we hypothesized that changes in PHYTO along the gradient of phosphorus concentrations reﬂected changes in
trophic structure, quantiﬁed as the ratio ZOOH :PHYTO
(Kazama et al. 2021). We evaluated this hypothesis (step
1) by using speciﬁc phytoplankton production PRODSP as
an index of productivity and examining the associations
between PRODSP , ZOOH :PHYTO and TP0–20 . We considered that our hypothesis was supported if PRODSP
was not associated with TP0–20 and ZOOH :PHYTO
was associated with TP0–20 . Together, these associations
would indicate that TP altered the relative allocation of
biomass to phytoplankton versus zooplankton but did not
inﬂuence speciﬁc productivity.
In the second step, we attempted to identify the
ecological factors inﬂuencing ZOOH :PHYTO (trophic
structure) by assessing the effects of four potential
candidates selected based on theory (Kazama et al.
2021), namely PRODSP , the phytoplankton’s grazeable
fraction, the zooplankton conversion efficiency and the

Data sources
We used databases that store results of limnological and
ﬁsheries monitoring programmes for Lake Lugano. The
limnological programme is promoted by the international
board managing the lake (www.cipais.org) and is jointly
run by the University of Applied Sciences and Arts of
Southern Switzerland and the public administration
of Canton Ticino, Switzerland. Fisheries annual yields
were provided by the “Ufficio della caccia e della
pesca” (Office for hunting and ﬁshing) of Canton
Ticino.
Limnological data included monthly values of phosphorus concentration (TP, and soluble reactive phosphorus, SRP), water temperature, phytoplankton (biovolumes
by practical taxonomic unity), zooplankton (biomass
by species or genus), chlorophyll-a concentration, total
organic carbon and primary production. The sampling
and analytical methods used in generating chemistry,
plankton and primary production data are summarized in Table I. Summer values were obtained by
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averaging monthly values within the period June–July–
August. Derived variables (deﬁnitions and methods in
Table I) included phytoplankton biomass (PHYTO),
herbivorous-zooplankton biomass (ZOOH ), total phosphorous concentration in the 0–20 m layer (TP0–20 ),
water temperature in the 0–20 m layer (TEMP0–20 ),
speciﬁc phytoplankton production (PRODSP ), the C:P
ratio of phytoplankton (C:P), the grazeable fraction of
phytoplankton (PHYTOGRA ), and yields of planktivore
pelagic ﬁsh (FISHPEL ) and dominant ﬁsh (FISHDOM ).
In this study, TP was selected a priori over SRP as an
indicator of phosphorus status because SRP does not
include all sources of biologically available P and is likely
to underestimate P supply (in summer, fast cycling can
maintain high supplies even though SRP concentrations
are kept low due to rapid uptake; Dodds 2003). Nonetheless, summer SRP and TP concentrations were highly
correlated (r = 0.94), and using SRP instead of TP would
not have changed the results qualitatively (results not shown).

of soluble inorganic P, and N limitation at concentrations
<130 μg L−1 of soluble inorganic N (Kolzau et al. 2014;
Sterner 2008). In addition, co-limitation by N and P
(Elser et al. 2007) is a common response across freshwater
communities up to intermediate N concentrations (e.g.
<182 μg L−1 of soluble inorganic N, Maberly et al. 2002).
During the study period, in the Lake Lugano South basin,
DIN concentrations were always >600 μg L−1 , whereas
potentially limiting P concentrations were common
during summer for most of the study period.
Since the 1970s, when measurements begun, Lake
Lugano’s surface waters have been warming, reﬂecting
global climate change (Lepori and Roberts 2015). In the
South basin, between 1973 and 2018, surface waters
(0–5 m) have been warming at rates ranging between
0.3◦ C decade−1 to 0.8◦ C decade−1 , depending on the
season (Lepori and Roberts 2015, unpublished data). Therefore, phosphorus reduction (due to the restoration) was
accompanied by a rise in temperature.
The plankton community of Lake Lugano underwent
an abrupt shift between 1988 and 1989, when herbivorous zooplankton composition shifted towards larger bodied species and phytoplankton biomass decreased (Lepori
2019b). Due to complex non-linear patterns between
responses and control variables, periods before and after
the shift have been treated separately when analysing the
lake’s trophic structure (Lepori 2019b; Lepori and Capelli
2020). Because our main objective was to explain the
unexpected response of phytoplankton that emerged in
the post-1988 community, in this study we focused on the
1989–2019 period.
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Table I: Overview of the sampling methods, laboratory analysis and data analysis used to obtain the main
study variables: (A) measured variables; (B) derived variables
Variable
(A)
Temperature

Soluble reactive phosphorus, SRP
Particulate organic carbon, POC

Chlorophyll a, Chl-a

Primary production, PP

Phytoplankton
Zooplankton

(B)
Labels
TP0–20

TEMP0–20
PHYTO

ZOOH

ZOOH :PHYTO
PRODUCTIONSP

C:P

PHYTOGRA

nMDS1 and nMDS2

Laboratory analysis

Monthly measure with CTD throughout the
water column. Vertical resolution: 0.5 m or 1 m
Monthly measure at depths of 0.4, 5, 10, 15 and
20 m (+additional depths that varied during
the study period) from samples collected
using Niskin bottles
Monthly measure from samples collected using
Niskin bottles (see TP)
Monthly measure from samples collected using
an integrator (Schröder bottle) in the 0–20 m
layer
Monthly measure from samples collected using
an integrator (Schröder bottle) in the 0–20 m
layer
Monthly in situ measures using the
light-and-dark bottle method, with 14 C as C
tracer. Measured at 0.4, 1.25, 2.5, 3.75, 5, 6.5, 8,
10, 12.5, 15 and 20 m
Monthly collection using an integrator
(Schröder bottle) in the 0–20 m layer
Monthly collection by vertical hauls to a depth
of 50 m, using a plankton net (mesh size: 95 or
100 μm)

–
Spectrophotometric determination of reactive P
following persulphate oxidation in an
autoclave
Molybdenum blue spectrophotometry
Combustion with IR detection (CHNS-analyzer)

Spectrophotometry after extraction in ethanol

Measure of 14 C activity in water samples before
and after acidiﬁcation using liquid scintillation
counting
Enumeration and identiﬁcation following
Utermöhl’s method
Identiﬁcation, enumeration, measurement of
body length under a stereo-microscope

Deﬁnitions and methods
Average summer concentration of total phosphorus (TP) in the 0–20 m layer (in μg TP L−1 ).
Calculated from concentrations measured at discrete depths (Table IA) following Bührer (1979).
Further details in Lepori and Capelli (2020)
Average summer temperature of the 0–20 m layer (in ◦ C). Calculated as the average of all
temperature values measured within the 0–20 m layer
Average summer biomass of phytoplankton (in mg C m−2 ). Cell counts were converted into
biovolumes based on geometric shapes. Biovolumes were subsequently transformed to biomass
using published biovolume-to-carbon factors for diatoms and non-diatomaceous phytoplankton
(Reynolds, 2006). Further details in Lepori and Capelli (2020)
Average summer biomass of herbivorous zooplankton (in mg C m−2 ). Herbivorous zooplankton
included calanoid copepods and ﬁlter-feeding cladocera. Dry biomass of taxa within these groups
was estimated using length–weight regressions. Biomass in carbon was estimated from dry
biomass assuming a dry-mass:carbon ratio of 0.5. Further details in Lepori and Roberts (2017) and
Lepori and Capelli (2020)
Proportion between PHYTO and ZOOH (unitless), used to quantify trophic structure
Average summer speciﬁc production rate of phytoplankton (in g C day−1 mg Chl-a−1 ), rationale in
Kazama et al. (2021). Measured hourly production rates were expanded to daily values following
Cannata et al. (2020). To obtain PRODUCTIONSP , daily production rates were divided by Chl-a (both
in per-surface-unit and measured on the same day)
The average summer mole-to-mole C:P ratio of phytoplankton (unitless). Estimated by dividing
seston particulate organic carbon concentration (POC, in mol C L−1 ) by particulate organic
phosphorus (POP, in mol TP L−1 ). POP was assumed to be approximately equal to the difference
between TP and SRP (Nausch et al. 2004). This method further assumes that the C:P of the
phytoplankton is similar to that of all particulate organic matter (seston)
The average summer grazeable fraction of phytoplankton (unitless). The proportion of grazeable
phytoplankton was calculated as the proportion of PHYTO (in C units) with cell size or colony size
(for colonial taxa) <50 μm. Thresholds for grazeability reported in the scientiﬁc literature vary; we
chose 50 μm because it represents the maximum size available to large ﬁlter-feeding zooplankton
(Burns 1968), which dominate the composition of Lake’s Lugano herbivorous zooplankton (Lepori
and Roberts 2017). Phytoplankton was sorted into grazeable or ungrazeable at the genus level using
a database prepared by the authors, assuming that intra-genus size variation is relatively small
The average summer taxonomic composition of the phytoplankton, quantiﬁed using the ﬁrst two
axes of an ordination by non-Metric MultiDimensional Scaling (nMDS) (unitless). Taxa were
classiﬁed into major phytoplankton groups (Table IV). The ordination was based on a matrix of
Eculidean distances between Hellinger-transformed biovolumes (square root of relative
biovolume). We used a matrix of relative (rather than absolute) biovolumes to quantify composition
separately from wholesale phytoplankton abundance. Biovolumes are considered a proxy for
biomass because the conversion factor is a constant.
(Continued)
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Table I: Continued
Deﬁnitions and methods

FISHPEL , FISHDOM

FISHPEL is the annual yield of pelagic planktivores, including bleak Alburnus alborella, whiteﬁsh
Coregonus sp., and Italian shad Alosa agone (in t). FISHDOM is the annual yield of dominant and
potentially planktivorous ﬁsh, including roach Rutilus rutilus and perch Perca ﬂuviatilis (in t). The
data, obtained by ﬁsheries records for Lake Lugano, include only net ﬁshing (i.e. they exclude hook
and line catches). FISHDOM are not strictly pelagic and are only-partly planktivores (larger perch
feed on prey ﬁsh, roach also feed on benthos), but dominated ﬁsh yields during the study period.
Although the abundance of pelagic planktivores should be a better proxy for pelagic zooplankton
mortality, the dominant ﬁsh were additionally considered because their effect could not be
disregarded
Catch-per-unit-effort (CPUE) data are preferable to yield (Kazama et al. 2021) but were available only
from 1996 (pelagic planktivores) or 1998 (dominant planktivores). However, for the periods
1996–2019 or 1998–2019, yields and CPUE were highly correlated (Pearson’s r = 0.8–0.7), suggesting
that yields could serve as a substitute for CPUE

Data analysis

mortality of zooplankton. The phytoplankton’s grazeable
fraction was quantiﬁed using the proxy PHYTOGRA ,
the proportion of ingestible biomass based on the gape
limitation of ﬁlter-feeder zooplankton; the conversion
efficiency using C:P, the cellular C:P of phytoplankton;
and zooplankton mortality using a proxy for the
abundance of ﬁsh (FISHPEL or FISHDOM , Kazama et al.
2021).
A caveat to this approach is that gape limitation and
cellular C:P may not be the only traits that determine
phytoplankton grazeability and zooplankton conversion
efficiency (Kazama et al. 2021). Other traits include nutritional quality (e.g. essential fatty acid content), toxicity (e.g. microcystin content) and occurrence of physical
defenses (e.g. appendages, sheaths). We considered grazeability and conversion efficiency as the two components
determining the overall “edibility” of phytoplankton, and
every trait inﬂuencing grazeability or conversion efficiency an edibility trait. Most of these traits were not
included in our analysis because they were not measured.
To account indirectly for all edibility traits, we additionally used the taxonomic composition of phytoplankton
(relative abundance of different taxa) as a proxy for quality. This approach assumes that edibility traits are taxonspeciﬁc, so that changes in taxonomic composition are
correlated to changes in edibility. Taxonomic composition was quantiﬁed using ordination scores [non-Metric
Multidimensional Scaling scores, (nMDS) along two axes,
nMDS1 and nMDS2, see Table I].
In the third step, we assessed the relationships between
TP0–20 , TEMP0–20 and the ecological factors that
inﬂuenced ZOOH :PHYTO (step 2) using regression
analyses.
This approach was designed to avoid reciprocal
relationships (e.g. phytoplankton↔ zooplankton) and be
guided by theory (Kazama et al. 2021) to facilitate the
interpretation of causal relationships.

Associations between variables were tested using regression analysis. Based on preliminary data explorations,
variables were log10 -transformed to stabilize variance
(except nMDS axes) and ﬁrst-differenced (i.e. replaced
with differences xt −xt−1, where x is a variable and t−1
indicates a time step, in this case of 1 year) to remove serial
correlation (Peterson et al. 1998). These transformations
are indicated by the symbols log and d, respectively.
Because of the large numbers of predictors considered,
the ecological factors inﬂuencing ZOOH :PHYTO were
searched using a best subset regression approach using
the statistical software Minitab (Minitab 17 Statistical
Software 2010), which consists in testing all possible
combinations of variables and selecting the best combination using the statistics Mallow’s Cp and adjusted
R2 (methods and equations available at: Minitab. 2019).
Regression analyses were preceded by a trend analyses
for all response and predictor variables using Mann–
Kendall tests. The software Minitab was used to conduct
all analysis except nMDS, for which we used the software
PAST (Hammer et al. 2001), and Mann-Kendall tests,
for which we used the Excel template MAKESENS 1.0
(Salmi et al. 2002).

RESULTS
Plots of the study variables over time (Fig. 3) and Mann–
Kendall tests (Table II) indicated that during the study
period (1989–2019) TP0–20 , ZOOH , ZOOH :PHYTO
and FISHDOM declined, TEMP0–20 increased, whereas
the other variables showed no temporal trends.
Summer phytoplankton biomass (d-log-PHYTO)
was negatively associated with summer phosphorus
concentration (d-log-TP0–20 ; Table III, Fig. 4). Judging
from the large scatter, this association was relatively
weak, but all highest phytoplankton biomass values
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Table II: Mann Kendall (MK) test and Sen’s slope estimate
Variable
TP0–20
TEMP0–20
PHYTO
ZOOH
ZOOH :PHYTO
PRODSP
PHYTOGRA
C:P
FISHPEL
FISHDOM
nMDS1
nMDS2

N
31
31
31
31
31
31
31
31
31
31
31
31

Test Z

Signiﬁcance

Q

Qmin95

Qmax95

−4.56
3.37
1.07
−4.05
−3.17
−0.68
0.24
0.14
−1.33
−2.92
0.92
−0.17

∗∗∗
∗∗∗

−0.667
0.064
0.054
−0.150
−0.014
−0.082
0.001
0.089
−0.090
−0.526
0.002
0.000

−1.000
0.032
−0.047
−0.205
−0.025
−0.272
−0.003
−1.414
−0.209
−0.853
−0.006
−0.006

−0.400
0.091
0.201
−0.092
−0.006
0.108
0.004
1.499
0.025
−0.220
0.011
0.005

∗∗∗
∗∗

∗∗

Reported are the Z statistic of the MK test, its signiﬁcance, the estimate of the Sen’s slope Q, and the 95% conﬁdence intervals of Q. See Table I
for variable acronyms and units. Signiﬁcance: ∗ < 0.05; ∗∗ < 0.01; ∗∗∗ < 0.001.

(>10 g C m−2 , to a maximum of 16.4 g C m−2 ) occurred
at low phosphorus concentration (TP0–20 ≤ 21 μg L−1 ),
whereas biomasses recorded at high phosphorus concentrations (TP0–20 ≥ L−1 30) averaged 5.3 g C m−2
(range 2.5–7.6 g C m−2 ). The association between

d-log-PTOT and d-log-PHYTO was mirrored by a
positive association between d-log-ZOOH :PHYTO and
d-log-TP0–20 (Table III, Fig. 4). In contrast, speciﬁc
production (d-log-PRODSP ) was not associated with
d-log-TP0–20 .
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Fig. 3. Temporal trends of the environmental and biological variables analysed in the study. Fitted lines indicate signiﬁcant trends (see Table II).
See Table I for variable labels.
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Table III: Results of regression analyses
Predictor

N

b ± SE

D–W

d-log PHYTO
d-log PRODSP
d-log ZOOH :PHYTO
d-log ZOOH :PHYTO

d-log-TP0–20
d-log-TP0–20
d-log-TP0–20
d-nMDS1
d-log-C:P
d-log_PHYTOGRA
d-log-TP0–20
d-log-TEMP0–20

29
29
29

−0.68 ± 0.28∗
0.27 ± 0.33NS
1.49 ± 0.63∗
−3.30 ± 0.79∗∗∗
−0.23 ± 0.13NS
−0.11 ± 0.11NS
−0.70 ± 0.29∗
−0.03 ± 0.03NS

2.23
2.77
2.24

d-nMDS1

29
29

1.75
2.89

Responses and predictors are described in Table I. Symbols: b = regression coefﬁcient of predictor; SE = standard error; D–W = Durbin–Watson
statistic; log = log10 ; d = ﬁrst-difference. Statistical signiﬁcance: ∗∗∗ = < 0.001; ∗∗ = < 0.01; ∗ = < 0.05; NS = non-signiﬁcant.

Table IV: Results of a nMDS of the summer phytoplankton’s taxonomic composition (ﬁrst two axis of a
three-axis solution with stress = 0.13)
Cyanophyta (cyanobacteria)
Chrysophyceae (golden-brown algae)
Bacillariophyceae (diatoms)
Dinoﬂagellata (dinoﬂagellates)
Chlorophyta (green algae)
Zygnematophyceae (conjugating algae, desmids)
Cryptophyta (cryptomonads)
Xanthophyceae (yellow–green algae)

NMDS1

NMDS2

+0.85∗∗∗

+0.28
+0.54∗∗
−0.78∗∗∗
+0.22
−0.01
−0.29
+0.43∗
+0.14

+0.12
+0.39∗
−0.35
−0.94∗∗∗
+0.09
−0.19
+0.06

The ordination is based on the Euclidean distance of Hellinger-transformed biomass values. The results reported are the correlation coefﬁcients
r between the main phytoplankton groups and ﬁrst two axes (nMDS1 and nMDS2) and the relative statistical signiﬁcance (∗ P < 0.05, ∗∗ P < 0.01,
∗∗∗ P < 0.001).

by either d-log-TP0–20 or d-log-TEMP0–20 (results not
shown).

Ordination of phytoplankton taxonomic composition
by nMDS produced a three-axis solution with a low stress
of 0.13, indicating good ﬁt to the data (Table IV). Based
on correlation analysis, the ﬁrst axis nMDS1 reﬂected
a contrast between cyanobacteria and diatoms (positive
correlations) versus green algae (negative correlation). The
second axis nMDS2 reﬂected a contrast between cryptomonads and golden-brown algae (positive correlations)
versus diatoms (negative correlation). Scores of nMDS1
and nMDS2 did not display temporal trends during the
study period (Table II).
Based on best subset selection, the best models
explaining d-log-ZOOH :PHYTO included either dnMDS1 as a single predictor, or combinations of dnMDS1, d-log-C:P and d-log-PHYTOGRA (Table V). Of
these potential predictors only d-nMDS1 had a signiﬁcant
effect (Table III). The effect was negative, indicating that
low ZOOH :PHYTO was associated with high relative
biomass of cyanobacteria and diatoms relative to green
algae.
Regression analyses indicated that d-nMDS1 was
partly explained by d-log-TP0–20 (Table III, Fig. 5).
The negative effect indicates that lower phosphorus
concentrations were associated with greater relative
biomass of cyanobacteria and diatoms versus green
algae. In comparison, d-nMDS2 was not explained

DISCUSSION
Insights from Lake Lugano
During the ﬁrst decade of the study period (1989–
2019), the South basin of Lake Lugano showed summer phosphorus concentrations typical of eutrophic
lakes (summer epilimnetic concentration between 30
and 100 μg TP L−1 ; Wetzel, 1975; Nürnberg, 1996).
From 1998 onward, thanks to restoration, phosphorus
concentrations declined and remained consistently within
the mesotrophic range (10–30 μg TP L−1 ). Yet, contrary
to expectations, lower (mesotrophic) concentrations
did not bring lower phytoplankton biomass. Instead,
phytoplankton biomass showed a negative relationship
with phosphorus. For example, the lowest phytoplankton
biomass (2.5 g C m−2 ) coincided with the highest phosphorus concentration observed in any summer (55 μg TP L−1 ),
whereas the highest biomass values (>10 g C m−2 )
were observed when phosphorus concentrations dropped
below 21 μg TP L−1 .
The ﬁrst step of our analysis showed that speciﬁc productivity (PRODSP ) did not change systematically along
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Table V: Best subsets of predictors of d(log-ZOOH :PHYTO)
2

R

1
1
2
2
3
3
4
4
5
5
6
6
7

33.9
10.6
40.9
36.5
43.1
42.6
46.3
45.5
48.5
47.7
50.0
49.3
50.4

R 2 -adj

Cp

31.6
7.4
36.5
31.8
36.5
35.9
37.8
36.8
37.8
36.8
37.0
36.1
34.6

3.3
13.6
2.2
4.1
3.2
3.5
3.8
4.2
4.8
5.2
6.2
6.5
8.0

d(logPRODSP )

d(log-C:P)

d(logd(logPHYTOGRA ) FISHPEL )

d(logFISHDOM )

d(NMDs1)

d(NMDs2)

X
X
X
X

X
X
X

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X

X
X

X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X

Models with more than ﬁve predictors are not shown because they performed worse than models with 2–5 predictors. Symbols: Cp = Mallows’
Cp statistic, log = log10, d = ﬁrst-difference.

demand of green algae relative to cyanobacteria and
diatoms is suggested by the statistical association between
nMDS1 and TP0–20 . In addition, a difference in demand
is supported by observations (Sommer et al. 1986) and
experimental evidence (e.g. Tilman et al., 1982; Ma et al.
2015). For example, in temperate lakes green algae tend to
peak in early summer, but are replaced by cyanobacteria
and diatoms later in the season, as phosphorus reserves
become severely depleted (Sommer et al. 1986). Moreover, in a mesocosm experiment in Lake Taihu, China,
addition of nitrogen and phosphorus promoted higher
growth of green algae versus cyanobacteria (Ma et al.
2015). This differential demand for nutrients is attributed
to a difference in growth rates (Reynolds 1988). Green
algae have a high P demand because they tend to grow
fast, whereas cyanobacteria have a lower demand due
to lower growth rates. Therefore, it can be expected
that green algae would be superior competitors under
eutrophic conditions and cyanobacteria under more limiting phosphorus concentrations, at least where nitrogen
is not limiting, as in our lake (see Methods).
A greater edibility of green algae relative to cyanobacteria and diatoms is not only plausible but also perhaps
the only realistic explanation for the effect of nMDS1
on ZOOH :PHYTO, given that other potential predictors
of trophic structure (production, planktivory and C:P)
can be excluded. In addition, a difference in edibility is
suggested by our observations, because dominant summer
cyanobacteria and diatoms in the lake were largely
inedible, dominated by large colonial taxa that exceed
the gape limitation of zooplankton (e.g. Planktothrix,
Limnothrix, Pseudanabaena, Fragilaria, Aulacoseira, Asterionella;
Lepori and Capelli 2020). Furthermore, the dominant
cyanobacteria were ﬁlamentous, microcystin-producing
taxa that are potentially harmful to ﬁlter feeders (e.g.
Daphnia) due to mechanical interference with the ﬁltering

the phosphorus (TP0–20 ) gradient, whereas the trophic
structure index ZOOH :PHYTO was positively associated
with TP0–20 . These results, which were expected, indicate that the higher phytoplankton biomass observed in
summers with low phosphorus concentrations were not
caused by changes in phytoplankton’s growth rates, which
would suggest bottom–up effects (physical and chemical
resources→productivity→ biomass). Instead, the higher
biomass was probably caused by a change in trophic
structure, resulting in greater allocation of biomass to
phytoplankton relative to zooplankton for a same level of
speciﬁc production.
The second analysis step showed that phytoplankton
composition (quantiﬁed by nMDS1) was the only significant predictor of ZOOH :PHYTO. Greater biomass of
green algae relative to cyanobacteria and diatoms was
associated with higher ZOOH :PHYTO and vice versa.
Other potential predictors of trophic structure (phytoplankton C:P, phytoplankton grazeability, planktivorous
ﬁsh) had no detectable effects in this study.
The third analysis step showed that phosphorus concentration (TP0–20 ) was the only signiﬁcant predictor of
nMDS1. Higher phosphorus concentrations were associated with greater biomass of green algae relative to
cyanobacteria and diatoms. Therefore, we infer that the
paradoxical negative association between PHYTO and
TP0–20 observed in the lake was caused by a pathway in
which lower phosphorus concentrations caused a change
in phytoplankton composition, and the change in composition resulted in a change in trophic structure.
We suggest that the shift from greater relative biomass
of green algae at higher phosphorus concentrations to
greater relative biomass of cyanobacteria and diatoms
(nMDS1) at lower phosphorus concentrations represent
a shift from P-demanding, edible phytoplankton to Pefficient, inedible phytoplankton. A higher phosphorus
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(Eudorina, Pandorina, Tetraëdron; Lepori and Capelli 2020)
that should be at least partly edible to zooplankton (Vanni
and Lampert, 1992).
These likely differences in edibility and P demand
between green algae and cyanobacteria and diatoms
would explain why lower concentrations of phosphorus
caused accumulations of phytoplankton biomass. At
higher phosphorus concentrations, greater dominance
by green algae would determine greater phytoplankton
edibility, resulting in a greater transfer of phytoplankton
production to zooplankton production (high trophic
transfer efficiency). In these conditions, high grazing
can keep phytoplankton biomass in check, even at
relatively high production levels (Fig. 6). Conversely, at
lower phosphorus concentrations, greater dominance
by cyanobacteria and diatoms would determine lower
phytoplankton edibility, resulting in poor trophic transfer
efficiency and accumulations of un-grazed phytoplankton
biomass. Based on this interpretation we suggest that our
results are consistent with the food quality hypothesis,
according to which paradoxical negative effects of
restoration are caused by a change in phytoplankton
composition leading to lower edibility (Anneville et al.
2019) and weakened control of phytoplankton biomass
by herbivorous zooplankton.
The relatively weak relationship between phosphorus
and phytoplankton composition suggests that these effects
are not strongly determined. This is probably because
the establishment of either community is a successional
process that depends on small differences in initial
conditions and is not entirely predictable (Moustaka–
Gouni and Sommer 2020). Nonetheless, once established,
these communities can self-stabilize due to internal
feedbacks. The green algae community would stabilize

Fig. 4. Effect of phosphorus (TP0–20 ) on phytoplankton biomass
(PHYTO), speciﬁc production (PRODSP ) and trophic structure
(ZOOH :PHYTO). See Table I for variable labels. Fitted lines indicate
signiﬁcant effects (see Table II). Symbols: log = log10 , d = ﬁrst-difference.

apparatus and toxicity (Moustaka-Gouni and Sommer
2020). Conversely, green algae included smaller forms
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Fig. 5. Relationship between phosphorus (TP0–20 ) and phytoplankton
composition (nMDS1).
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Other hypotheses
In this study, ﬁsh (planktivory hypothesis) and phytoplankton C:P (stoichiometric bottleneck hypothesis) had
no detectable effects on trophic structure. The planktivory hypothesis was suggested for Lake Geneva, where
restoration and warming led to increases in whiteﬁsh
Coregonus lavaretus, a dominant planktivorous ﬁsh in the
lake (Anneville et al. 2019). In contrast, in the South
basin of Lake Lugano, planktivory was not a major driver
of trophic structure, probably due to the scarcity of
true pelagic planktivorous ﬁsh after the decline of bleak
Alburnus alborella in the late 1980s-mid 1990s. Although it
could be argued that our proxy for ﬁsh abundance (ﬁshery
yields) provides only a coarse indication of real values, we
can reasonably exclude that planktivorous ﬁsh increased
in Lake Lugano during the study period: in fact, dominant
ﬁsh declined. Moreover, declines in planktivorous ﬁsh
are a common occurrence in lakes undergoing nutrient
restoration (Jeppesen et al. 2005), suggesting that planktivory should facilitate, rather than counteract, decreases
in phytoplankton biomass following restoration. In addition, in deep lakes (like Lake Lugano), the effects of planktivory may be dampened because zooplankton can partly
avoid predation by migrating into deep-water refuges
(Jeppesen et al. 2005). Therefore, we suggest that, in
general, there is little evidence that changes in planktivory
may be responsible for weak or paradoxical phytoplankton biomass responses after restoration, even though these
effects can be important in individual lakes (Anneville
et al. 2019).
The stoichiometric bottleneck hypothesis was suggested as a general mechanism for lakes undergoing
re-oligotrophication, but empirical support for this
effect is scarce (Van Donk et al., 2008). In addition,
phosphorus-demanding zooplankters (especially Daphnia)
are predicted to be affected by stoichiometric imbalances
when phytoplankton C:P ratios exceed values of 200–300
(Anderson and Hessen 2005; Sterner et al. 1997). These

Fig. 6. Hypothetical model of the effects of shifting phosphorus concentrations (from high or eutrophic levels to moderate or mesotrophic
levels) on planktonic communities.

thanks to the high cycling of phosphorus promoted
by zooplankton, which would maintain phosphorus in
the euphotic zone and delay any successional shifts
to cyanobacteria-and-diatom-dominated communities
(Fig. 6). The cyanobacteria-and-diatoms community
would stabilize thanks to low cycling, which would
accelerate phosphorus depletion from the euphotic zone
and further favour P-efficient taxa.

Limits to our interpretation
Surprisingly, the traits chosen to represent phytoplankton grazeability and conversion efficiency by Kazama
et al. (2021), i.e. cell or colony size and cellular C:P, had
no effects on trophic structure (ZOOH :PHYTO) in this
study. A possible reason is that size may be a poor proxy
for grazeability for colonial phytoplankton. For example,
several genera of colonial green algae were classiﬁed as
ungrazeable because they exceeded 50 μm. However,
these colonies can disaggregate in smaller portions that
are potentially grazeable, because individual cells are
smaller than 50 μm. In addition, green algae cells tend
to be supple, and may be bent into ingestible morsels by
the mechanical action of ﬁltering. By comparison, even
though colonial cyanobacteria and diatoms may also disaggregate (Moisander et al. 2002), their fragments remain
too large or rigid for ingestion (e.g. ﬁlamentous cyanobacteria can measure several millimetres, while dominant
summer diatoms often exceed 50 μm even as single cells
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and cannot be bent due to their rigid cell walls). Alternatively, edibility may have reﬂected traits unrelated to size
(e.g. chemical qualities, presence of defense mechanisms,
toxicity). For example, cyanobacteria may be poor food
because they lack fatty acids and produce of toxins,
whereas green algae can have greater nutritional value
(Demott and Müller-Navarra 1997; Müller-Navarra et al.
2000). Our results indicate that the effect of edibility is
sensitive to how edibility is quantiﬁed, and that common
proxies such as cell (colony) size and cellular C:P may
fail to capture its importance. Establishing a causal link
between edibility and trophic structure probably needs a
more accurate deﬁnition and parametrization of edibility.
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Controls of trophic structure in lakes
recovering from eutrophication
Despite cases of paradoxical or no responses, phytoplankton biomass frequently declines following phosphorus declines in lakes across a broad range of phosphorus concentrations (e.g. up to summer concentrations of
1000 μg P L−1 , Jeppesen et al. 2005). The mechanisms
causing these declines are not clear. Phosphorus limitation may seem an obvious explanation, but this and
other studies (Müller et al. 2021; Smith 1979) indicate
that phosphorus limitation is unlikely at moderate-tohigh phosphorus concentrations. Excluding production,
possible drivers of trophic structure and phytoplankton
are zooplankton mortality and phytoplankton edibility
(Kazama et al. 2021). Following restoration, ﬁsh often
decline, even at high phosphorus concentrations (Jeppesen et al. 2005), implying that zooplankton mortality also
decreases, at least in shallow lakes. Changes in phytoplankton taxonomic composition are also common, and
often, in contrast with our results, suggest increased edibility. For example, the relative abundance of cyanobacteria
often declines following restoration, and these declines
are thought to lead to greater edibility (e.g. Carney and
Elser 1990; Ghadouani et al. 2003). On balance, current
evidence suggests that declines in phosphorus are often
followed by lower zooplankton mortality and (or) greater
phytoplankton edibility, and that these changes lead to
lower phytoplankton biomass.
What, then, can explain paradoxical responses? This
study and other cases reported in the literature (Anneville
et al. 2019; Müller et al. 2021) suggest that paradoxical
responses occur in temperate deep (stratiﬁed) lakes
moving towards mesotrophy. In these lakes, epilimnetic
waters undergo seasonal depletions of phosphorus,
whereas deeper waters remain phosphorus-rich due to
continuing phosphorus release from the sediments. These
conditions negatively affect epilimnetic, P-demanding
phytoplankton (e.g. green algae), but can favour metalimnetic cyanobacteria, which notably include Planktothrix
rubescens (Jacquet et al. 2005; Moustaka-Gouni and
Sommer 2020; Müller et al. 2021; Posch et al. 2012).

CONCLUSIONS
This study indicates that, in deep lakes, shifts from high
(eutrophic) to moderate (mesotrophic) phosphorus concentration are not necessarily followed by declines in phytoplankton biomass and may even give rise to paradoxical increases. In the study lake, a paradoxical response
was explained by changes in phytoplankton composition.
Eutrophic conditions favoured green algae, leading to
zooplankton-dominated communities (low phytoplankton
biomass, high zooplankton biomass). Mesotrophic conditions favoured cyanobacteria and diatoms (probably Pefficient and scarcely edible), leading to phytoplanktondominated communities (high phytoplankton biomass,
low zooplankton biomass). These ﬁndings highlight a
problem for the management of the lake. Ironically, the
current restoration target of Lake Lugano (and other
lakes) is to restore mesotrophic conditions (deﬁned as TP
≤30 μg L−1 ; Imboden 1992), based on the assumption
that mesotrophy would eliminate the worst symptoms
of eutrophication (excess phytoplankton biomass, algal
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There are several reasons for the resistance of metalimentic cyanobacteria to phosphorus deﬁciency in the
epilimnion; one reason is that these cyanobacteria can
exploit P arising from (i) mineralization of settling organic
matter and (ii) entrainment of P-rich deep waters into the
metalimnion (Jacquet et al. 2005). As a result, the biomass
of metalimnetic cyanobacteria may not decline in lakes
undergoing restoration until whole-lake P concentrations
reach very low values, e.g. <10 μg P L−1 of annual average
concentrations (Dokulil and Jagsch 1992).
High nitrogen concentrations may additionally favour
metalimnetic cyanobacteria. Observations from European lakes indicate that mass developments of P. rubescens
tend to occur in lakes that are low in P but high in N (e.g.
Jacquet et al. 2005; Posch et al. 2012; Salmaso 2000). Due
to this apparent preference, Posch et al. (2012) highlighted
the grim paradox that restoration focused on P abatement
may succeed in reducing epilimnetic phytoplankton, but
at the risk of creating an “ideal nutrient stoichiometry
for this toxic cyanobacterial species”. Further, a similar
stoichiometry may beneﬁt for other toxic, bloom forming, non-N-ﬁxing cyanobacteria (e.g. Microcystis), which
require N-rich waters for growth and toxin production
(Paerl et al. 2016). Therefore, in lakes where mass developments of these cyanobacteria are problematic, or in
lakes where phytoplankton is limited or co-limited by N
(Elser et al. 2007; Maberly et al. 2002), dual nutrient
loading reductions (i.e. targeting both N and P) may
provide greater beneﬁts than P abatement alone (Paerl
et al. 2016).

C:P values are higher than the ones observed in this study,
and are more likely to occur at lower TP concentrations
(e.g. below 15–20 μg TP L−1 during winter turnovers;
Müller et al. 2021). Therefore, although stoichiometric
bottlenecks may occur in oligotrophic waters, they are
unlikely to arise when TP is reduced from high to
moderate concentrations, as in Lake Lugano. Within this
range, therefore, phytoplankton edibility is more likely to
be determined by other traits (e.g. presence of defenses,
nutritive quality, toxicity).
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blooms, depletion of oxygen). Based on this study, we
suggest that, in Lake Lugano and similar deep lakes,
restoration by P reduction may be consistently effective
only if phosphorus concentrations are reduced all the
way to low levels (oligotrophy), where primary production
tends to become strongly phosphorus limited (below 10–
20 μg L−1 ) and metalimnetic phosphorus reserves are sufﬁciently depleted to prevent proliferations of cyanobacteria (Dokulil and Jagsch 1992; Müller et al. 2021). In
addition, nitrogen control may also be beneﬁcial to avoid
shifts towards cyanobacteria-dominated phytoplankton.
Increased knowledge of the drivers of trophic structure
and phytoplankton biomass among lakes would be useful
for adapting restoration measures to the characteristics of
the lake and identifying new, ecologically based nutrient
targets.
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