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Abstract: In Lake Lugano (Switzerland and Italy), temporal variation in the structure of herbivore zooplankton 
(a shift to greater dominance by large-bodied species and higher biomass) and phosphorus (soluble reactive phos-
phorus, SRP) concentrations provided useful settings to examine the effects of these changes on phytoplankton 
biomass. Results from this study indicate that, within an overlapping range of SRP concentrations (14.2 – 24.5 µg 
P L–1, which indicate a P-enriched lake), phytoplankton biomass (measured as Chlorophyll-a, CHL) was substan-
tially lower after the shift to larger-bodied zooplankton. In addition, after the shift, CHL displayed an unforeseen 
negative association with SRP, which was parelleled by a decrease in consumer control (indicated by the ratio 
between herbivore and phytoplankton production) toward lower SRP concentrations. The suppression of phyto-
plankton indicates that the shift to greater biomass and larger-bodied zooplankton increased consumer-control on 
phytoplankton biomass, even at relatively high SRP concentrations. The negative relationship between SRP and 
CHL after the shift might have stemmed from reduced phytoplankton edibility and/or reduced quality at low SRP 
concentrations, although establishing whether the association is causal will require further research. The results 
suggest that zooplankton structure and SRP concentrations influenced phytoplankton biomass, although through 
complex and unanticipated effects.
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Introduction

The biomass of primary producers can be controlled 
by herbivores through consumption (consumer con-
trol) and by abiotic resources such as nutrients through 
limiting effects on growth (resource control). In lake 
ecosystems, both modes of regulation are important. 
For example, resource control is supported by in situ 
nutrient enrichments (e.g., Schindler 1977), whereas 
consumer control is supported by evidence that fish re-
movals can have cascading effects on phytoplankton, 
which indicate that herbivores control primary pro-
ducers when they are unconstrained by predators (e.g., 

Hrbáček et al. 1961; Brooks & Dodson 1965). While in 
the past consumer and resource control were perceived 
as opposing hypotheses, current views recognize that 
both are important, even though their relative strength 
vary in space and time. It is an open question, how-
ever, what set of ecological factors favors one type of 
control over the other.

Academic literature on these factors emphasizes 
the roles of trophic structure (including the length of 
the food chain and the identity of the species within 
trophic levels) and nutrient supply. In part, the per-
ceived influence of trophic structure stems from food-
chain models that predict that the strength of con-
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sumer control depends on the number of trophic levels 
(Hairston et al. 1960; Oksanen et al. 1981). Based on 
these models, consumer control is expected to be 
strong in two- and four-linked food chains, where her-
bivores are unconstrained by primary predators, and 
weak in three- and five-linked chains, where herbi-
vores are constrained. Additionally, limnologists pro-
posed a size-efficiency hypothesis (Brooks & Dodson 
1965), according to which predation by planktivorous 
fish favors dominance by small and inefficient zoo-
plankters (herbivores), whereas low predation favors 
larger, efficient forms. Jointly, these hypotheses pre-
dict that consumer control is weak in three- and five-
linked food chains because zooplankton is restrained 
by planktivores and its composition is dominated by 
inefficient forms, whereas consumer control is strong 
in two- and four-linked chains for opposite reasons.

Nutrients can further influence the relative strength 
of consumer control, but models predicting the effects 
are multiple and seemingly disparate. In a review, 
Carpenter et al. (2010) identified three main contend-
ing hypotheses, named the Decreasing difference hy-
pothesis, the Increasing difference hypothesis and the 
Mesotrophic maximum hypothesis. The Decreasing 
difference (or attenuation) hypothesis, based on Mc-
Queen et al. (1986), predicts that consumer control de-
creases with increasing nutrient supplies (Fig. 1a). In 
contrast, the Increasing difference (or facilitation) hy-

pothesis (Sarnelle 1992; Carpenter et al. 2001) predicts 
that herbivores suppress primary producers across a 
wide range of nutrient concentrations, implying that 
consumer control increases with increasing nutrient 
supply (Fig. 1b). Finally, the Mesotrophic maximum 
hypothesis (Carney & Elser 1990; Elser & Goldman 
1990) predicts that consumer control peaks at interme-
diate nutrient supply and decreases on either side of it.

The biomass of primary producers depends largely 
on the balance between two opposing processes, 
i.e., photosynthetic production of new biomass (pri-
mary production) and grazing. Therefore, the relative 
strength of resource vs. consumer control should re-
flect this balance. Resource control implies that nu-
trients have a stronger effect on primary production 
than on grazing, so that an increase in nutrients trans-
lates into an increase in primary-producer biomass. 
By comparison, consumer control arises where an 
increase in nutrient supply causes a rise in consumer 
production, which absorbs the extra primary produc-
tion and buffers primary-producer biomass. In lake 
ecosystems, however, the effects of nutrients on the 
balance between primary production and herbivore 
production are poorly known (Carpenter et al. 1985), 
presumably because production data are seldom avail-
able. As a result, the mechanisms underlying the ef-
fects of nutrients on the strengths of resource vs. con-
sumer control remain poorly identified.
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Fig. 1. Hypotheses concerning the strength of consumer control along a gradient of phosphorus (P) supply. Lines indicate the re-
sponse of primary producer biomass to P supply for food-chains with unconstrained zooplankton (dashed) or predator-constrained 
zooplankton (solid). a) Decreasing difference hypothesis: the difference in primary-producer biomass between food chains with 
constrained vs. unconstrained zooplankton is greatest at low P supply; b) Increasing difference hypothesis: the difference between 
food chains is greatest at high P supply. Figure modified from Carpenter et al. (2010).
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This study took advantage of a natural experiment 
to assess the effects of phosphorus (P, the main limiting 
nutrient in the lake; Franchini et al. 2017) and changes 
in zooplankton structure at the whole-ecosystem scale. 
During the last three decades, Lake Lugano, a deep 
Alpine lake located on the Swiss-Italian border, expe-
rienced large variation in the concentration of phos-
phorus due to nutrient management and climatic varia-
tion (Lepori & Roberts 2017). In addition, the structure 
of herbivore zooplankton underwent a rapid change in 
1988 –1989, involving an increase in large-bodied spe-
cies (with maximum body length > 2 mm, which were 
nearly absent until then; Appendix 1). The shift, which 
occurred when P concentrations were relatively high, 
reflects a change from a constrained to a less con-
strained herbivore trophic level, probably caused by 
a decline in planktivory (Lepori & Roberts 2017). A 
limnological monitoring program measured plankton 
and nutrients throughout these decades (1984 – 2017) 
and assembled the data necessary to infer processes of 
primary-producer control.

This study explores the influence of these changes 
in zooplankton structure and P concentration on phy-
toplankton control in Lake Lugano. Because Lake 
Lugano is undergoing nutrient management, under-
standing the modes of phytoplankton control is im-
portant not only for theoretical understanding, but 
also to guide lake management (Lepori et al. 2018). 
Taking the Increasing difference (facilitation) hypoth-
esis as a starting point, it was predicted that the shift 
to the large-bodied zooplankton increased consumer 
(zooplankton) control and established a ‘top-down’ 

system, where consumers override the effects of nutri-
ents. Support for this prediction would arise if:
 (i) phytoplankton biomass was higher for a same P 

concentration before the shift to the large-grazer 
assemblage (indicating suppression of phyto-
plankton by the large-grazer assemblage);

 (ii) after the shift to the large-grazer assemblage, 
phytoplankton biomass did not change with vary-
ing P concentrations (indicating strong herbivore 
control by the large-grazer assemblage);

 (iii) after the shift to the large-grazer assemblage, 
herbivore production and primary production 
increased with increasing P concentrations (indi-
cating that primary production is at least partly 
absorbed by herbivore production with increasing 
P concentrations).

Methods

Study system

Lake Lugano (45 59′ 0″ N, 8° 58′ 0″ E, 271 m a.s.l.) is located 
at the southern edge of the Alps (Switzerland and Italy), in a 
Continental Subarctic Climate zone (Fig. 2). A causeway built 
on a natural moraine splits the lake into two basins, the North 
Basin and the South Basin. Data for this study were collected 
at a station in the North Basin, which is deep (maximum depth 
= 288 m) and nearly-always stratified (Barbieri & Polli 1992). 
Partial turnovers, to a depth of approximately 100 m, occur once 
a year during late winter (February–March).

During the study period (1984 – 2017), variation in P con-
centration in the lake arose from two main sources. First, con-
centrations tended to decline after a peak during the 1970s – 
early 1980s as a result of P-management (Barbieri & Mosello 
1992; Lepori & Roberts 2017). Second, this trend was overlaid 

Switzerland 

Italy 

Sampling station 

Fig. 2. Location of Lake Lugano and the sampling station within the lake.
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by large fluctuations caused by climatic variation (Lepori & 
Roberts 2017; Lepori et al. 2018). The climatic effect reflects the 
influence of winter weather on the depth of late-winter mixing 
and P upwelling from deeper waters, where warm winters result 
in shallow mixing and limited P upwelling and cold winters 
have the opposite effect (Lepori et al. 2018). As a case in point, 
following the exceptionally cold winters of 2005 and 2006 this 
basin ‘turned over’ completely (Holzner et al. 2009), causing 
a transient peak of surface-water P concentrations (Lepori & 
Roberts 2017).

The rapid shift in zooplankton species composition that oc-
curred between 1988 and 1989 resulted in increased dominance 
of large-bodied herbivore zooplankton (i.e., Daphnia long-
ispina-galeata and Eudiaptomus gracilis, the only herbivore 
species in the lake with maximum body length > 2 mm; all other 
species are < 2.0 mm) and increased total zooplankton biomass 
(Appendix 1; Lepori & Roberts 2017). This shift, especially the 
shift from a small species of Daphnia (D. cucullata) to a large 
one (D. longispina-galeata), strongly suggests a release from 
planktivory, because large Daphnia species cannot coexist with 
high biomass of planktivore fish (McQueen & Post 1988). Sup-
porting this interpretation, Bleak (Alburnus sp.), the dominant 
planktivorous fish in the lake, experienced a die-off in 1988 and 
then declined to functional extinction by the mid-1990s (Ap-
pendix 1; Polli 2004). Since then, the fish fauna of the lake has 
been dominated by littoral forms (e.g. Roach, Rutilus sp. and 
Perch, Perca fluviatilis), whereas pelagic planktivorous fish 
have been scarce, indicating that the decline of Bleak caused a 
wholesale decline in planktivory (DA 2014).

Patterns in nutrient stoichiometric ratios, absolute concen-
trations, and primary production indicate that the North Basin 
of Lake Lugano is in all probability phosphorus-limited (Ap-
pendix 4). During the study period, the total nitrogen-to-total 
phosphorus molar ratio was nearly always above the thresh-
olds commonly used to predict N deficiency (e.g., 14:1 or 
20:1; Downing & McCauley 1992; Guildford & Hecky 2000). 
In addition, concentrations of dissolved inorganic nitrogen 
(DIN) were consistently above 100 µg L–1, which tend to indi-
cate nitrogen saturation, while concentrations of soluble reac-
tive phosphorus (SRP) were often < 10 µg L–1, which tend to 
indicate P deficiency (Kolzau et al. 2014). Furthermore, during 
1983 – 2014, a correlative study showed that primary produc-
tivity varied mainly as a function of phosphorus concentration 
(Franchini et al. 2017), as would be expected if production was 
P-limited.

Data source and characteristics

Lake Lugano has been monitored for physical, chemical and 
biological characteristics since the early 1980s by governmen-
tal agencies and the University of Applied Sciences and Arts 
of Southern Switzerland (SUPSI). The monitoring data used in 
this study are held at SUPSI and have been partly published in 
annual reports (www.cipais.org).

A summary of the data and the methods used in their col-
lection is reported in Appendix 2. Phosphorus supplies were 
measured as the concentrations (in µg L–1) of SRP in the 
0 – 20 m layer of the lake, where virtually all plankton produc-
tion occurs. Soluble-reactive P was selected over total P (TP) 
to avoid circularity in relating P and phytoplankton, because 
during the summer the majority of P may be in phytoplank-
ton biomass (Carpenter et al. 1999). Phytoplankton biomass 
was measured as the concentration of chlorophyll-a (CHL, 

µg L–1) within the same 0 – 20 m layer. Samples for CHL were 
collected using a Schröder bottle (Schröder 1969) and chloro-
phyll was measured by spectrophotometry, after filtration and 
extraction in ethanol. Primary production (PP, g C m– 2) was 
measured using the light-and-dark bottle method and radioac-
tive bicarbonate (14C) as a carbon tracer. The data were sourced 
from Franchini et al. (2017), which also describes the methods 
in detail (additional data from 2015 to 2017 were obtained us-
ing the same method). The herbivores considered in this study 
were zooplankton crustaceans, which often play the domi-
nant role in shaping phytoplankton-zooplankton interactions  
(McQueen et al. 1986; Gulati 1990; Mazumder 1994). Specifi-
cally, they included the calanoid copepod Eudiaptomus gracilis 
and the cladocerans Daphnia cucullata (which became extinct 
soon after the assemblage shift of 1988 –1989), Daphnia long-
ispina-galeata, Dia phanosoma brachyurum, and Bosmina spp. 
The monitoring data available included densities (individuals 
m– 2) of all herbivore taxa (collection methods described in Ap-
pendix 2). Additional data included estimates of individual dry 
mass, which were obtained from published length-mass models 
(Appendix 3).

Derived variables

Yearly average herbivore biomass (HB, g C m– 2) was obtained 
by multiplying herbivore densities by individual dry mass (Ap-
pendix 4) and converting dry mass to C assuming a C:dry mass 
ratio of 0.5 (Andersen & Hessen 1991).Total yearly herbivore 
production (HP, g C m– 2) was calculated using Plante & Down-
ing’s (1989) empirical model:

Log(HP) = 0.06 + 0.79 × log(B) + 0.05 × T – 0.16 × log(W) 
(R 2 = 0.79)

where: HP: yearly herbivore production [g dry mass m– 2], B: 
annual mean population biomass [g dry mass m– 2], T: mean 
surface water temperature [°C], W: maximum individual body 
mass [mg].

This equation was applied to individual taxa and the results 
were summed to obtain an aggregate production for all crusta-
cean herbivores (subsequently converted from dry mass to C 
using the C:dry mass ratio of 0.5, as for HB). The maximum 
individual biomass was obtained from samples of body-length 
measurements available from the monitoring database (Appen-
dix 3). Surface water temperature was obtained from monitor-
ing data (Appendix 2).

The ratio between herbivore production and primary pro-
duction (HP:PP), expressed as a percentage, was calculated to 
quantify the relative strength of consumer vs. resource control. 
Assuming that HP is proportional to consumption, a high value 
of HP:PP indicates stronger consumer control.

Data analysis and study design

Data were available as monthly or biweekly values and were 
averaged to provide mean (SRP, CHL, HB) or total yearly val-
ues (PP, HP). The variable SRP was not normally distributed 
and was log10-transformed to meet test assumptions; all other 
variables were not transformed.

For inferential analyses, the structure of crustacean zoo-
plankton (large-grazer or small-grazer assemblage) was consid-
ered a dichotomous variable. This choice was based on an obvi-
ous discontinuity in dominance of large species and biomass 
(Appendix 1), which was highly significant (MANOVA; Wilks 
lambda = 0.267; p < 0.001). Data from 1984 –1988 were assigned 
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to the small-grazer assemblage and data from 1989 – 2017 to the 
large-grazer assemblage.

Relationships between response variables and SRP were 
analyzed only for the large-grazer assemblage (which included 
observations spanning the spectrum of SRP concentrations) us-
ing regression analysis. This analysis was not possible for the 
small-grazer assemblage, which occurred only within a narrow 
range of (high) SRP concentrations. Differences between as-
semblage types within this interval were tested using a two-
sample t-test. The structure of the data did not permit complex 
statistical analyses, such as regression with interaction effects 
or multilevel analysis.

Results

Throughout the study period (1984 – 2017), yearly av-
erage SRP concentrations ranged from 0.5 to 53.1 µg 
P L–1 (a factor of 116). Higher concentrations oc-
curred at the beginning of the study period and around 
2005 – 2006, the years of the exceptional turnovers 
(Fig. 3a). Yearly mean SRP concentrations correlated 
negatively (r = – 0.91, p < 0.001) with the proportion of 
months during which concentrations were < 10 µg P L–1 
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Fig. 3. a) Temporal pattern of soluble reactive phosphorus (SRP). The points represent annual means of monthly data. b) relation-
ship between annual mean SRP and the proportion of months during which SRP was < 10 µg P L–1.
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(indicating potential P limitation, see above; Fig. 3b). 
Moreover, between the year of maximum concentra-
tion and the year of minimum concentration, this pro-
portion varied from 0 to 1, indicating a range from no 
potential P limitation to consistent P limitation. Pri-

mary production (PP), chlorophyll-a concentration 
(CHL), and the production (HP) and biomass (HB) of 
herbivore zooplankton displayed large temporal varia-
tion but no apparent monotonic trends (Fig. 4).

0.0

4.0

8.0

12.0

16.0

20.0

0 1 10 100

HP
 (g

 C
 m

-2
 y

r-1
) 

SRP (μg P L-1) 

HP vs SRP 

Large grazer

Small grazer

0

200

400

600

800

0 1 10 100

PP
 (g

 C
 m

-2
 y

r-1
) 

SRP (μg P L-1) 

PP vs SRP 

Large grazer

Small grazer

0

4

8

12

16

20

0 1 10 100

CH
L 

(µ
g 

Ch
l L

-1
) 

SRP (μg P L-1) 

CHL vs SRP 

Large grazer

Small grazer

0

0.5

1

1.5

2

0 1 10 100

HB
 (g

 C
 m

-2
 y

r-1
) 

SRP (μg P L-1) 

HB vs SRP 

Large grazer

Small grazer

Fig. 5. Relationships between SRP vs. PP, CHL, HP, and HB (definition of acronyms in Figs 3 and 4). Lines represent fitted linear 
regressions (see Table 1).

0

2

4

6

0 1 10 100

HP
:P

P 
(%

) 

SRP (μg P L-1) 

HP:PP vs SRP 

Large grazer

Small grazer

Fig. 6. Relationship between SRP and the ratio HP:PP 
(definition of acronyms in Figs 3 and 4). The line rep-
resents a fitted linear regressions (see Table 1).



311Effects of zooplankton structure and phosphorus concentration on phytoplankton biomass

Within the same (overlapping) range of SRP con-
centrations (i.e., 14.2 – 24.5 µg P L–1), zooplankton 
assemblage type (small-grazer vs. large-grazer) had 
no effect on PP (T = 1.74, d.f. = 5, p > 0.05) but influ-
enced all other response variables (Figs 5 and 6). Spe-
cifically, the large-grazer assemblage was associated 
with lower concentrations of CHL (T = 3.94, d.f. = 7, 
p < 0.01), higher HB (T = – 8.01, d.f. = 6, p < 0.001), 
higher HP (T = – 6.60, d.f. = 6, p < 0.01) and higher 
HP:PP ratio (T = – 8.59, d.f. = 6, p < 0.001). In the over-
lapping SRP range, average CHL was 9.7 µg Chl L–1 
for the small-grazer assemblage and 6.8 µg Chl L–1 for 
the large-grazer assemblage, which amounts to a dif-
ference of 30 %.

During the years of the large-grazer assemblage 
(1989 – 2017), all response variables (PP, CHL, HB, 

HP, and HP:PP) displayed linear relationships with 
SRP (Table 1; Figs 5 and 6). The variables PP, HB, HP 
and HP:PP showed positive associations. Surprisingly, 
CHL showed a negative association, indicating that 
during this period phytoplankton biomass increased 
with decreasing SRP concentrations.

Discussion

The results of this study illustrate the influence of 
zooplankton structure and nutrient (phosphorus) con-
centration on phytoplankton biomass and the modes 
of phytoplankton control. The results support the 
prediction that the large-grazer (and higher-biomass) 
assemblage that became established after 1988–1989 

Table 1. Regression models predicting primary production (PP, Table 1a), chlorophyll-a (CHL, Table 1b), herbivore production (HP, 
Table 1c), herbivore biomass (HB, Table 1d), and the ratio HP:PP (Table 1e) from soluble reactive phosphorus (SRP), for the period 
1989 – 2017 (large-grazer assemblage).

a)

Regression equation and variance explained:
PP = 391.8 + 80.7 × log(SRP)  R2 = 25.4 %
Predictor Coefficient SE coefficient T p
constant 391.8 26.2 14.95 < 0.001
log(SRP)  80.7 26.6  3.04 < 0.01

b)

Regression equation and variance explained:
CHL = 9.1– 2.3 × log(SRP)  R2 = 24.8 %
Predictor Coefficient SE coefficient T p
constant   9.1 0.7  12.19 < 0.001
log(SRP) – 2.3 0.8 – 2.99 < 0.01

c)

Regression equation and variance explained:
HP = 7.0 + 5.8 × log(SRP)  R2 = 42.1 %
Predictor Coefficient SE coefficient T p
constant 7.0 1.3 5.47 < 0.001
log(SRP) 5.8 1.3 4.43 < 0.001

d)

Regression equation and variance explained:
HB = 0.5 + 0.5 × log(SRP)  R2 = 39.1 %
Predictor Coefficient SE coefficient T p
constant 0.5 0.1 4.07 < 0.001
log(SRP) 0.5 0.1 4.17 < 0.001

e)

Regression equation and variance explained:
HP:PP (%) = 1.9 + 0.9× log(SRP)  R2 = 19.9 %
Predictor Coefficient SE coefficient T p
constant 1.9 0.3 5.68 < 0.001
log(SRP) 0.9 0.3 2.59 < 0.05
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induced stronger consumer control and suppressed 
phytoplankton biomass, probably through a trophic 
cascade (where a decline in predators causes an de-
crease in primary producers). However, patterns be-
tween SRP and CHL revealed unexpected responses, 
which hint at greater complexities than were initially 
envisaged.

Effect of zooplankton structure

Within the overlapping SRP interval of 14.2 – 24.5 µg 
P L–1, the large-grazer assemblage (less constrained by 
planktivores) was associated with substantially lower 
phytoplankton biomass (CHL, – 30 %) than the small-
grazer assemblage (constrained by planktivores). Pat-
terns in primary production, herbivore production and 
their ratio (HP:PP) indicate that the shift in herbivore 
zooplankton composition did not influence primary 
production, but led to an increase in herbivore pro-
duction and the HP:PP ratio. Therefore, the decline 
in CHL occurred because of an increase in consump-
tion, not because of a reduction in primary production. 
These patterns support the prediction that the shift to 
the large-grazer assemblage, including an increase of 
the large D. longispina-galeata, suppressed phyto-
plankton biomass through increased consumer control 
(Brooks & Dodson 1965; McQueen et al. 1986). As-
suming that the shift to the large-grazer assemblage 
was caused mainly by a decline in planktivory (see 
below), these effects agree with the pattern of a pe-
lagic trophic cascade, where declines in planktivorous 
fish lead to greater biomass of zooplankton and lower 
biomass of phytoplankton (Carpenter et al. 1985; 
Jeppesen et al. 2003).

The SRP concentration range over which the as-
semblages overlapped (14.2 – 24.5 µg P L–1) were as-
sociated to a range of 29 – 43 µg P L–1 of total phos-
phorus (unpublished data), which falls in the eutrophic 
(highly-enriched) trophic state (Nürnberg 1996). 
Therefore, the greater consumer control observed af-
ter the shift does not support the Decreasing difference 
hypothesis or the Mesotrophic maximum hypothesis, 
which predict limited scope for trophic cascades in 
eutrophic systems (Carpenter et al. 2010). Conversely, 
the results support the view that trophic cascades can 
be strong even in P-enriched lakes, as proposed by the 
Increasing difference hypothesis (Fig. 1b).

Although the decline in planktivory throughout 
1989 – 2017 is clearly chronicled by fisheries data (Ap-
pendix 1), its causes are difficult to establish. The de-
cline and eventual functional extinction of Bleak has 
been attributed to factors including the degradation 
of spawning habitats and an outbreak of branchiomy-

cosis (Polli 2004). Alternatively, the decline of Bleak 
might have been caused by an increase in piscivorous 
(predatory) fish. However, during most of the study 
period, yields of the main pelagic predator, Brown 
trout (Salmo trutta), decreased in the lake (Polli 2004). 
Among the major littoral predators, yields European 
perch (Perca fluviatilis) also decreased, whereas yields 
of Zander (or Pike-perch, Sander lucioperca) in-
creased (Polli 2004). Therefore, there is no compelling 
evidence that the decline of bleak (and planktivory) 
was caused by an increase in predators, especially in 
the pelagic habitat, although it remains possible that 
the increase of Zander contributed as a concause (Polli 
2004).

Effect of nutrients (P)

The results only partly support the second prediction 
of this study, namely that the shift to the large-grazer 
assemblage established overriding consumer control 
and decoupled CHL from SRP concentrations. While 
CHL did not display a positive association with SRP 
(which would suggest predominant resource control), 
it also did not show the lack of relationship with phos-
phorus predicted by the Increasing difference hypoth-
esis (Fig. 1b). Instead, and surprisingly, CHL was neg-
atively associated with SRP during the large-grazer 
assemblage period (1989 – 2017). This response was 
not predicted by any of the hypotheses that have been 
proposed so far to frame trophic-cascade research 
(Carpenter et al. 2010).

Patterns in primary and herbivore production help 
clarify how the control of phytoplankton changed over 
the range of SRP concentrations. After the shift to the 
large-grazer assemblage, both primary production and 
herbivore production decreased with decreasing SRP 
concentrations. However, herbivore production de-
clined at a higher rate, as indicated by the decrease in 
the HP:PP ratio, which suggests that consumer control 
declined toward low SRP concentrations. In all prob-
ability, this decline allowed greater accumulation of 
phytoplankton biomass at lower SRP concentrations, 
causing the negative CHL-SRP association observed.

The Increasing difference hypothesis finds theo-
retical basis in the ecosystem exploitation hypothesis 
(Oksanen et al. 1981), which predicts that the biomass 
of primary producers remains constant in the face 
of increasing potential production where herbivores 
are unconstrained by predators. The observed nega-
tive CHL-SRP relationship suggests that, after the 
1988 –1989 shift, Lake Lugano did not behave accord-
ing to this model, even though SRP was positively as-
sociated with primary and herbivore production and 
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zooplankton was probably relatively unconstrained by 
planktivores (see above). Rather, the negative CHL-
SRP association suggests obstacles to exploitation 
of phytoplankton at low SRP concentrations, which 
could stem from turnovers of food quality and/or edi-
bility associated with the SRP concentration spectrum.

Lower food quality at low SRP concentrations 
may be expected from principles of ecological stoi-
chiometry. Large-bodied Daphnia, which are among 
the most effective herbivores in pelagic systems, suf-
fer P-limitation when/where the C:P ratio of phyto-
plankton is too high (Sterner & Hessen 1994). In other 
words, phytoplankton with high C:P ratio is of poor 
nutritional value to Daphnia. Because the C:P ratio of 
phytoplankton increases with decreasing lake-water P 
concentrations (Hessen 2006), decreasing P concen-
trations can reduce the quality of food for Daphnia 
(Van Donk et al. 2008). Alternatively, low SRP con-
centrations might have been associated with lower 
food edibility. This possibility is supported by recent 
studies which show that in Lake Lugano, during the 
last decades, decreasing P concentrations have been 
accompanied by increasing dominance by inedible cy-
anobacteria and filamentous green algae (unpublished 
results). However, changes in phytoplankton quality 
and edibility may reflect multiple factors, including 
changes in water-column stability and temperature. 
Therefore, further research would be needed to de-
termine whether any associations between SRP con-
centrations, food quality, and food edibility during the 
study period was causal or merely coincidental.

Implications for food web ecology and 
management

Understanding the mode of control of phytoplankton 
biomass is necessary to predict the outcomes of lake 
restoration and, if necessary, reassess managing meas-
ures. Drawing from classic bottom-up models of lake 
food webs (Vollenweider 1968; Dillon & Rigler 1975) 
the restoration of Lake Lugano was based on the prem-
ise that phytoplankton biomass is resource- (i.e., phos-
phorus) controlled (Lepori & Roberts 2017). Therefore, 
efforts to reduce phytoplankton biomass concentrated 
on the reduction of P loadings. Nevertheless, this study 
indicates that patterns in phytoplankton biomass do 
not follow the positive phosphorus-phytoplankton bio-
mass relationship predicted under resource control, but 
depend on the relative strength of consumer control, 
which in turn appeared to reflect the concentration of 
SRP. Two lessons that can be drawn from this study 
are: (i) dominance of large-bodied herbivore zoo-
plankton can suppress phytoplankton biomass even 

at high P concentrations, and (ii) further suppression 
would probably require lowering SRP to concentra-
tions that can limit both edible and inedible phyto-
plankton. Given that the reduction of phytoplankton 
biomass is a main objective of lake restoration, assess-
ing whether phytoplankton biomass becomes more 
strongly resource-controlled below certain threshold 
SRP concentrations would be particularly valuable and 
may be addressed in future research.
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Appendix 1. Lake Lugano: Patterns in zooplankton structure and yield of the planktivore fish Bleak (Alburnus sp.). Top: yearly 
mean biomass of herbivore zooplankton. Middle: proportion (by biomass) of large (maximum body length > 2 mm) and small spe-
cies. Bottom: yields of Bleak (data from Polli 2004).
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Appendix 2. Overview of the methods of collection and analysis of the main parameters used in the study.

Parameter Collection Analysis Data analysis
Temperature Monthly measure with CTD 

along water column
Values averaged to 
obtain integrated 0 – 20 m 
temperature

Soluble reactive phosphorus, 
SRP

Monthly collection of lake-
water samples using Niskin 
bottles at, 0.4, 5, 10, 15 and 
20 m

Molybdenum blue 
spectrophotometry

Values averaged to 
obtain integrated 0 – 20 m 
concentration 

Chlorophyll-a Monthly samples collected 
using an integrator (Schröder 
bottle) in the 0 – 20 m layer

Spectrophotometry after 
extraction in ethanol

Monthly values averaged to 
obtain yearly values

Primary production Monthly in situ measures 
using the light-and-dark bottle 
method, with 14C as C tracer1

Measure of 14C activity in 
water samples before and 
after acidification using liquid 
scintillation counting2

Measured hourly production 
rates expanded to yearly 
values3

Zooplankton Monthly collection by vertical 
hauls to a depth of 50 m, using 
a plankton net (mesh size: 
95 µm) 

Identification and enumeration 
of all taxa under a dissecting 
microscope

Biomass estimated by 
multiplying numbers by 
mean individual weight 
(from Appendix 3)

1 Steeman-Nielsen, E. (1952). J. Cons. Int. Explor. Mer., 18, 117– 40
2 Gächter, R. & Mares, A. (1979). Oikos, 33, 69 –73
3 Franchini, F. et al. (2017). Inland Waters, 7, 77– 87

Appendix 3. Individual weight and length of the zooplankton taxa considered in the study, based on unpublished data. Weights 
were obtained from body lengths using published regression equations1. C = copepodites

Taxon Life stage mean  
weight  

(µg)

mean length 
(mm)

max  
weight  

(µg)

years sample size

Bosmina gravid female  3.1 0.5  8.7 1993 –1997   99
other  2.1 0.4 1991– 2000 1287

Daphnia cucullata gravid female  3.1 0.9  7.2 1993 –1995   18
other  3.8 0.9 1991–1995  220

Daphnia longispina-galeata gravid female 14.2 1.1 30.4 1993 – 2000  998
other  6.9 1.5 1991– 2000 2976

Diaphanosoma gravid female  2.7 0.8  3.8 1993 –1997   15
other  2.0 0.7 1991– 2000 1859

Eudiaptomus nauplius  0.3 0.3 1993 –1995  268
CI-II  1.4 0.5 1991–1994  596

CIII-V  4.1 0.8 1991–1998 1133
male  8.6 1.1 1993 –1997  198

female 10.4 1.1 1991–1998 1296
gravid female 11.7 1.2 23.3 1993 –1997  366

1 Dumont, H. J. et al. (1975). Oecologia, 19, 75 – 97
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Appendix 4. Monthly nutrient (phosphorus and nitrogen) ratios and absolute concentrations during the study period (1984 – 2017). 
Top: ratio of total N to total P (TN:TP, in atoms) and Redfield ratio. Middle: TP and soluble reactive P, SRP. Bottom: TN and dis-
solved inorganic N, DIN.




