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We used monitoring data from Lake Lugano (Switzerland and Italy) to assess key ecosystem responses to three
decades of nutrient management (1983–2014). We investigated whether reductions in external phosphorus
loadings (Lext) caused declines in lake phosphorus concentrations (P) and phytoplankton biomass (Chl a), as as-
sumed by the predictivemodels that underpinned themanagement plan. Additionally,we examined the hypoth-
esis that deep lakes respond quickly to Lext reductions. During the study period, nutrient management reduced
Lext by approximately a half. However, the effects of such reduction on P and Chl a were complex. Far from the
scenarios predicted by classic nutrient-management approaches, the responses of P and Chl a did not only reflect
changes in Lext, but also variation in internal P loadings (Lint) and food-web structure. In turn, Lint varied depend-
ing on basin morphometry and climatic effects, whereas food-web structure varied due to apparently stochastic
events of colonization and near-extinction of key species. Our results highlight the complexity of the trajectory of
deep-lake ecosystems undergoing nutrient management. From an applied standpoint, they also suggest that [i]
the recovery of warm monomictic lakes may be slower than expected due to the development of Lint, and that
[ii] classic P and Chl amodels based on Lext may be useful in nutrientmanagement programs only if their predic-
tions are used as starting points within adaptive frameworks.

© 2017 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
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Introduction

Eutrophication, or excessive nutrient enrichment, is among themost
widespread human impacts on lakes worldwide (Carpenter et al., 1998;
Smith et al., 1999; Smith, 2003). Through symptoms such as the prolif-
eration of phytoplankton, eutrophication affects several of the ecosys-
tem goods and services provided by lakes, including clean water,
fisheries, and recreation (Smith et al., 1999; Pretty et al., 2003; Dodds
et al., 2008). Consequently, during the last decades, governmental agen-
cies have invested considerable resources to control nutrient inputs and
restore lake ecosystems (Smith et al., 1999). At the same time, monitor-
ing programs have been established to assess the effects of themanage-
ment actions undertaken. The results of these programs, which can now
include several decades of data, offer valuable opportunities to assess
the outcome of eutrophication management and the strength of its un-
derlying assumptions.

Traditionally, efforts to manage eutrophication have focussed on the
reduction of the external loadings of nutrients, especially phosphorus
(Vollenweider, 1968; Dillon and Rigler, 1975; Smith et al., 1999). This
approach is based on the assumptions that [i] phytoplankton biomass
es Research. Published by Elsevier B
is proportional to the concentration of total phosphorus (TP) within
the photic zone of the lake, and [ii] phosphorus concentration is propor-
tional to the external loadings of this nutrient (Lext). In other words, Lext
is assumed to control phytoplankton biomass through the two-link
pathway Lext → TP → biomass, so that a reduction in Lext would cause
a proportional decline in phytoplankton biomass. These links are sup-
ported by considerable empirical evidence, and have formed the basis
for classic predictive models including the P model of Vollenweider
(1968) and the phytoplankton biomass (Chl a) model of Dillon and
Rigler (1974a). In a typical application of the nutrient-loading reduction
approach, environmental managers identify the level of phytoplankton
biomass that would be acceptable in a lake, and use these (or similar)
models to predict the reduction in Lext that would be necessary to
achieve such an objective (Dillon and Rigler, 1975). However, despite
the support for the underlying assumptions, evidence so far indicates
that reductions in Lext do not always lead to changes in surface-water
P concentrations and phytoplankton biomass predicted by thesemodels
(Smith et al., 1999; Scavia et al., 2014).

Deviations from predicted results have twomain causes, i.e., the de-
velopment of internal loadings of TP (Lint), and top-down control by
grazers (Smith et al., 1999). Internal loadings occur in lakes with a
long history of nutrient pollution, where sediments have accumulated
high reserves of TP. Where anoxic conditions develop in deep waters,
.V. All rights reserved.
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Table 1
Morphometric and hydraulic characteristics of the two basins of Lake Lugano, Switzerland
and Italy. All data except Osgood Index and % of littoral area from Barbieri and Mosello
(1992).

North basin South basin

Watershed area [km2] 269.7 290.3
Lake area [km2] 27.5 21.4
Lake volume [km3] 4.69 1.14
Zmax [m] 288 95
�Z [m] 171 (0–288 m layer) 55

86 (0–100 m layer)
Osgood Index 32.6 12.2
Littorala area (%) 4% 12%
Residence time [yr] 12.3 (0–288 m layer) 1.5

6.2 (0–100 m layer)
Flow out [km3 yr−1] 0.38 0.77

a The littoral was defined as the lake area with depth ≤ 10 m.
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these reserves are released from the sediments over several years or de-
cades, primarily through anaerobic release of iron-bound phosphorus
(Pettersson, 1998). This release may delay the response of in-lake TP
concentrations to any reductions in Lext (Nürnberg and Peters, 1984;
Søndergaard et al., 2001). Top-down control implies that phytoplankton
biomass is determined by grazer consumption, rather than nutrient
availability. Although not explicitly considered by the nutrient-reduc-
tion approach, top down control is common in lakes worldwide
(Hrbácêk et al., 1961; Carpenter et al., 1985) and appears to be associat-
ed with high densities of large-bodied zooplanktonic grazers, such as
Daphnia (McQueen et al., 1986; Schindler, 2006).

Although the occurrence of Lint and top-down control in lakes is well
known, the factors that govern their importance relative to Lext and TP
limitation remain uncertain. For example, does their effect depend on
lake morphometry? As a starting point, we suggest that deep lakes
should be less affected by internal loadings than shallow lakes, because
deep lakes dilute the P released from the sediments into relatively larger
volumes of water (Jacoby andWelch, 2004). Grazing pressure may also
differ between deep and shallow lakes. All else being equal, large
grazers, including Daphnia, tend to be more abundant in deep lakes,
where fish predation is partly avoided through diel vertical migrations
into deep-water refuges (Jeppesen et al., 2003). In turn, a greater abun-
dance of large grazers is expected to result in stronger top-down control
Fig. 1. Location of Lake Lugano and the sampling stations considered in this study. Upper left co
Switzerland-northern Italy and bathymetry (map adapted from Barbieri and Polli, 1992). The ba
(the 100 m and 200 m depth contours are represented using solid lines, the 250 m depth cont
of phytoplankton (Pace, 1984; McQueen et al., 1986). Taken together,
the hypothesized low susceptibility toward developing internal loads
and high grazing pressure suggest that deep lakes should respond
quickly to reductions in Lext. However, with notable exceptions, the re-
covery of deep lakes from eutrophication is poorly understood (but see
the international P management plan and long-term monitoring of the
North American Great Lakes; Evans et al., 2011; Dove and Chapra,
2015), partly because most assessments so far have focussed on a limit-
ed range of trophic states (usually between oligotrophic and mesotro-
phic) and climatic conditions (usually cold temperate; Jeppesen et al.,
2005).

In this study, we examined the effects of nutrient reduction on Lake
Lugano (Switzerland and Italy). This deep (maximum depth Zmax =
288 m), warm monomictic lake became eutrophic between the 1940s
and the 1970s (Barbieri and Mosello, 1992). After the 1970s, external
nutrient loadings were reduced through sewage management and a
ban on the use of phosphate detergents. Using three decades of moni-
toring data (1983–2014), we examined the responses of P concentra-
tions, Lint, phytoplankton biomass, zooplankton grazing, and the
factors controlling phytoplankton biomass to the reduced P loadings.
These responses were examined separately for basins of the lake, the
deeper (288 m) north basin, and the shallower south basin (95 m),
which have different morphometric and hydraulic characteristics (e.g.,
depth, volume, and water residence time; Table 1). We addressed four
main questions: [i] Did the responses of P concentration and phyto-
plankton biomass in Lake Lugano support the predictions of the nutri-
ent-loading reduction approach? [ii] Alternatively, did the response
deviate owing to the development of internal loadings and/or top-
down control? [iii] Was the response consistent with the patterns hy-
pothesized for deep lakes (i.e., weak effects of Lint, strong effects of
top-down control)? [iv] Was the response influenced by the different
morphometric characteristics of the north and south basins?

Methods

Study lake

Lake Lugano (E 9° 0′ 56.35″, N 46° 0′ 23.77″, altitude 271 m) is a rel-
atively large (surface area= 49 km2), deep (Zmax= 288m) peri-Alpine
lake, shared between Switzerland and Italy (Table 1, Fig. 1). The two
rner: positionwithin Central-Southern Europe; lower left corner: positionwithin southern
thymetry is represented by the depth of individual sub-basins and selected depth contours
our is represented using a dotted line).
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basins (north and south) are separated by a causeway built on a mo-
raine, and are connected by a narrow channel, whichhas an average dis-
charge (flowing from north to south) of approximately 24 m3 s−1

(Barbieri and Mosello, 1992). The deeper north basin has a theoretical
water residence time of 12.3 yr and an Osgood Index (mean depth di-
vided by square root of surface area) of 32.6, which favor water stratifi-
cation (Table 1). As a consequence, in the middle of the 20th century,
this basin became meromictic (Barbieri and Mosello, 1992) owing to
the eutrophication process, that is, through increased mineralization
of organicmatter in the sediments (Wüest et al., 1992). Sincemeromixis
became established, water in this basin usually mixes only to depths of
approximately 50–100 m. However, during the study period (1983–
2014), the basin underwent two exceptional deep-mixing events, in
March 2005 and February 2006 (Holzner et al., 2009). These events,
which were prompted by unusually cold winters (Salmaso et al.,
2014), resulted in partial (2005) or full (2006)mixing between the sur-
face waters and the monimolimnion. The shallower south basin
(Zmax = 95 m) has a water residence time of 1.5 yr, an Osgood Index
of 12.2, and is usually holomictic (Table 1). However, the basin failed
to turn over in 2014, owing to a milder-than-usual winter. Lake Lugano
does not freeze in winter and experiences one mixing event per year,
i.e., it has a warm monomictic mixing regime (Wetzel, 1975). In both
basins, mixing events usually occur between February and March.
For simplicity, we will refer to these events as the late-winter
turnovers.

Lake Lugano was oligotrophic until the 1930s–1940s (Barbieri and
Mosello, 1992). Afterwards, increasing urbanization and industrializa-
tion within its watershed led to nutrient pollution and, therefore, a
shift to eutrophic (north basin) or hypereutrophic (south basin) condi-
tions. Nutrient pollution peaked in the 1970s–1980s, when turnover TP
concentrations in the lake often exceeded 100 mg m−3 and blooms of
cyanobacteria were frequent (Polli and Simona, 1992). In the 1970s,
the Swiss administration set forth a comprehensive program tomanage
eutrophication (Dipartimento Ambiente, 1982). Like other similar en-
deavors, the program focussed on the reduction of the external loadings
of nutrients. Themain objectivewas to reduce the annual external load-
ings of P to the ‘permissible’ levels suggested by theVollenweider-OECD
model (Vollenweider, 1968, 1976), which were estimated at 0.5 g m−2

(15 t) for the north basin and 1.2 gm−2 (25 t) for the south basin. These
target loadings were expected to re-establish mesotrophic conditions
and reduce P concentrations during turnovers to values ≤20 mg P-
PO4 m−3 (≈30 mg TP m−3 according to our estimates), as required
by Swiss legislation at the time. Although the programdid not explicitly
define biological targets, based on the model of Dillon and Rigler
(1974a), a TP concentration of 30 mg m−3 at turnover should result in
a summer average chlorophyll a (hereafter Chl a) of ~10 mg m−3. We
will use this value as an approximate biological indicator of the bound-
ary between eutrophic and mesotrophic conditions (Dillon and Rigler,
1975). Milestones along the lake restoration process included the con-
struction of two major sewage treatment plants, which started opera-
tions in 1976, and Switzerland banning phosphate detergents in 1986
(Simona and Veronesi, 2009).

Data compilation

We used data from two sampling stations (Fig. 1), one located in the
north basin (Gandria), and the other in the south basin (Figino). The
data used in this study were collected by government agencies of Can-
ton Ticino, Switzerland (1983–2006) or the University of Applied Sci-
ences and Arts of Southern Switzerland (SUPSI, 2007–2014) as part of
a monitoring program for Lake Lugano. These data were available
through published reports (www.cipais.org) or unpublished databases
held at SUPSI.

The temporal scale (i.e., monthly, seasonal, or annual) of this study
varied depending on the response analyzed. External loadings were an-
nual values. In-lake P concentrations were parameterized as the
concentrations during late-winter turnovers (selected from monthly
values), whereas phytoplankton biomass and grazing rates were pa-
rameterized as average summer values (with summer defined as the
period including June, July, and August, hereafter referred to as JJA).
These choices were constrained by the predictive models available,
which generally use annual loadings to predict TP at the time of turn-
over, and TP at turnover to predict summer phytoplankton biomass
(e.g., Dillon and Rigler, 1974a). In addition, summer plays a central
role in eutrophication management, because it is the season during
which P is most limiting, as well as a time of the year when undesired
phytoplankton blooms are particularly likely. The responses analyzed
in this study are further described below.

The external loadings of phosphorus (hereafter Lext) were estimated
as the sum of the fluxes of TP carried to the lake by [i] major tributaries,
[ii] minor tributaries, [iii] untreated effluents discharging directly into
the lake, and [iv] atmospheric deposition. Other potential sources, in-
cluding groundwater, were unknown and assumed to be minor, i.e.
within the error of the total loading estimate. The loadings carried by
major tributaries were calculated from TP concentrations (obtained
from monthly spot samples) and daily discharge data (obtained from
gauging stations) using a ratio estimator (Beale, 1962). These loadings
integrate the contributions fromallmajor point andnon-point P sources
present in the watershed, including the effluents of sewage treatment
plants and agricultural land use. Contributions from minor tributaries
were estimated based on runoff and the average TP concentration of a
subsample of representative watercourses. The contributions [iii] and
[iv] were poorly known and required some assumptions. The loadings
from untreated effluents were estimated by multiplying the number
of near-shore residents not connected to the sewage network by litera-
ture-based values of per capita release of P. As published information on
near-shore inhabitants was limited to years toward the beginning
(1983–1990; LSA, 1990) and the end of the study period (2002–2008;
Ferrario, 2009), we reconstructed the rest of the series by linear interpo-
lation. Per capita release of P was set at 3.5 g d−1 for the period 1983–
1987, 2 g d−1 for the period 1988–1991, and 1.6 g d−1 for the period
1992–2014 (LSA, 1990; Ferrario, 2009). The decreasing trend in these
rates represents the decrease in per capita release caused by the ban
on phosphate detergents (LSA, 1990). Based on Ferrario (2009), annual
loadings from atmospheric deposition were estimated at 0.03 g m−2

(0.7 t) for the north basin and 0.04 g m−2 (0.9 t) for the south basin.
These loadings were calculated from TP concentrations in wet deposi-
tion measured during 2006–2008 at a sampling station in Pallanza,
Italy (which lies 34 km away from the lake). Because P deposition is
scarcely impacted by human activities (Mahowald et al., 2008), we as-
sumed that these loadings remained constant throughout the study pe-
riod. Because P deposition contributed on average only 2–4% of the
annual loadings, our estimates should be robust to any departures
from this assumption.

We used a TPmodel derived by Nürnberg (1998) to estimate the in-
ternal loadings produced yearly by the two basins of the lake. Themodel
is based on the model of Dillon and Rigler (1974b, 1975), according to
which the annual average TP concentration is predicted as:

TP ¼ Lext
qs

� 1−Rð Þ ð1Þ

where Lext is the external TP loading (gm−2 yr−1), qs is the annual areal
water load (the total volume of water entering a lake in a year divided
by the lake's surface area; m yr−1), and R is the net retention rate of P
(the proportion of the annual Lext that is not lost from the lake through
the outflow; dimensionless). Nürnberg (1998) modified the model to
improve the prediction of TP in stratified anoxic lakes by partitioning
the net TP retention, R, into two opposing components: the loss to the
sediments caused by TP settling, Rsed, and the gain caused by the en-
trainment of Lint from the sediments. Based on this modification, TP is
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predicted as:

TP ¼ Lext þ Lint
qs

� 1−Rsedð Þ ð2Þ

Furthermore, Nürnberg (1998) suggested a modification of Eq. (2)
to predict maximum values of TP concentrations after fall turnovers
(TPturn), which are comparable to late-winter turnovers in monomictic
lakes. Assuming that Lint during turnovers is not subject to retention,
TPturn is predicted as:

TPturn ¼ Lext
qs

� 1−Rsedð Þ þ Lint
qs

ð3Þ

This approach is supported by a comparison of predicted versus ob-
served TPturn compiled from 23 lakes across North America and Europe
(Nürnberg, 1998). We rearranged Eq. (3) to predict Lint as:

Lint ¼ TPturn � qs− Lext � 1−Rsedð Þ ð4Þ

Given that observed TPturn tend to be lower than the maximum
values predicted by the model (e.g., because the frequency of sampling
is usually insufficient to detect maximum values), we expected Eq. (4)
to provide a conservative (lower-bound) estimate of gross Lint.

Because Rsed is difficult to measure, estimates of this parameter are
usually obtained through mathematical modelling. Following
Nürnberg (2009), we used the following model:

Rsed ¼ k� ffiffiffi

τ
p

1þ k� ffiffiffi

τ
p ð5Þ

where k is a constant and τ is the water residence time (yr). Based on a
large study of reservoirs of different depths and trophic states, the con-
stant k was set at 1.84 (Hejzlar et al., 2006). Using the residence times
reported in Table 1, we predicted Rsed values of 0.82 for the north
basin and 0.62 for the south basin. Furthermore, we assessed the sensi-
tivity of the results of the Lint model [Eq. (4)] to errors in these estimates
by running the model using Rsed values within ±0.2 of the modelled
values (i.e., 0.6–1.0 for the north basin, and 0.5–0.9 for the south
basin). The range of values used in this sensitivity analysis encompassed
the variability of Rsed values observed in four calcium-rich Alpine lakes
similar to Lake Lugano (0.46–0.94; Nürnberg, 1998). Finally, we used
Eq. (3) with Lint set to zero to calculate the TP concentrations that
would be expected if no Lint had developed in the lake. These hypothet-
ical values permitted a provisional calibration and evaluation of the
model, because during meromixis (i.e., during most years in the north
basin and in 2014 in the south basin), when entrainment of Lint to sur-
face waters is minimal, the predicted TPturn concentrations should ap-
proach the observed values.

Our application of the Lint model is based on two assumptions. First,
we assumed that Lake Luganowas in steady state with regard to TP dur-
ing part of the study period. Second,we assumed thatmost of the yearly
Lint was released as a single pulse during late-winter turnovers. The first
assumption constrained the application of the model to the end of the
study period, because during the first decade Lext underwent a rapid de-
cline (see Results), duringwhich P inputs and outputs were probably in
disequilibrium. Nonetheless, empirical evidence suggests that disequi-
librium conditions rarely persist for N10–15 years after a reduction in
Lext (e.g., Jeppesen et al., 2005). Therefore, we assumed that by the last
decade of the study period (2005–2014) the lake had approached a
new steady state. The second assumption was almost-certainly met in
Lake Lugano, where sources of Lint during the stratification period are
unlikely. Substantial entrainment of Lint from deep to surface waters
caused by turbulence around the thermocline (Soranno et al., 1997)
could be disregarded, because the anoxic layer containing Lint during
the stratification period lay at least 50–100 m below the thermocline.
In addition, owing to the small relative extension of the littoral zone
(defined as the lake area with depth ≤ 10 m; Table 1), the influence of
P resuspension from sediments was considered minimal.

Concentrations of TPturn were quantified as the highest concentra-
tions measured between January and March, selected from monthly
values. In Lake Lugano, especially in the meromictic north basin, TP
does not reach homogeneous concentrations across the water column
during turnover events, i.e., it may display gradients of increasing TP
concentrations toward deeper waters. Because we were interested in
the relationship between TP and plankton, we focussed on the TP con-
centrationmeasuredwithin the0–20m layer,which includes thephotic
zone.Wewill refer to these concentrations as turnover surface-water TP
concentrations, or SW-TP. TP (limit of quantification 8 mg m−3) was
measured as reactive P following persulfate oxidation in an autoclave
(LSA, 1990). On each sampling occasion, TP concentrations were mea-
sured at discrete depth intervals (usually 0.4 m, 5 m, 10 m, 15 m, and
20 m); SW-TP concentrations were calculated as the average of these
values.

Phytoplankton biomass (in summer) was quantified as the concen-
tration of Chl a (mgm−3)within the euphotic layer. Chl awasmeasured
from depth-integrated samples (0–20 m) collected using a Schröder
bottle (Schröder, 1969). To obtain the Chl a concentrations within the
photic zone only, we estimated the depth of the euphotic zone, Zeu
(m), as 2 × Secchi depth (Dillon and Rigler, 1974a), and multiplied the
concentration measured in the depth-integrated 0–20 m sample by
the factor 20:Zeu. In summer, Chl a and Secchi depth were measured
every two weeks. Chl awas measured spectrophotometrically after ex-
traction in ethanol according to the Standard Methods (Rand et al.,
1975). Summer values were calculated as the average JJA values. We
will refer to this response (average summer Chl a concentration within
the euphotic zone) as CHL-A.

Information on grazers was obtained from depth-integrated zoo-
plankton samples (0–50 m), which were collected using a plankton
net (mesh size 45 μm). In the laboratory, aliquots from these samples
were examined under a dissecting microscope to identify and enumer-
ate all crustacean zooplankton. These aliquot numbers were used to re-
construct whole-sample abundances. In addition, the body length of
≤25 individuals per taxon (further divided according to development
stage and sex) was measured, and an average individual biomass was
calculated using established length-weight regressions (Dumont et al.,
1975). Zooplankton samples were collected every two weeks in June
or monthly in July–August. We focussed on herbivorous taxa (grazers),
which included Bosmina spp., Daphnia cucullata, D. longispina-galeata,
Eudiaptomus gracilis and Diaphanosoma brachyurum. E. gracilis is a
non-native species which appeared in samples from autumn 1988 on-
ward (from 1989 onward in the summer samples considered in this
study). Total grazer biomass (mg DMm−2) was calculated bymultiply-
ing individual mass by abundance. In addition, to examine the effects of
grazers on CHL-A, we estimated community-wide grazing rates
(m3 d−1) by multiplying individual filtration rates (garnered from the
literature, see Table 2) by abundance. All JJA biomass values and filtra-
tion rates were averaged to produce a single value per summer and
per site. We will refer to the average summer grazer biomass as GRAZ-
ER, and the average summer filtration rate as FILTR.

Data analysis

Temporal trends in Lext and other ecosystem responses (SW-TP,
CHL-A, GRAZER, and FILTR) were tested using Mann-Kendall's test and
Sen's slope. In addition, a LOWESS smoother was interpolated to the
data to identify the shape of any trends. Associations between responses
were tested using Spearman correlation coefficient, ρ. To assess the fac-
tors controlling phytoplankton biomass throughout the study period,
we used a multiple regression model, in which phytoplankton biomass
(CHL-A) was modelled as a linear combination of the effects of grazing
(FILTR), turnover P concentrations (SW-TP), and the interaction be-
tween these predictors. Prior to the analysis, the predictors were



Table 2
Individual filtration rates of zooplankton grazers in summer. Where more than one value
was found in the literature for the same taxon, we used the average. Cop = copepodite,
Ov. = ovigerous.

Taxon Life stage Summer filtration rate
[ml ind−1 d−1]

Source

Eudiaptomus
gracilis

Nauplius 0.1 Zánkai and Ponyi
(1986)Cop. I–II 1.4

Cop III–V 1.7
♂ 1.6
♀ 1.8
Ov. ♀ 2.6

Daphnia cucullata Ov. ♀ 2.1 Based on Burns
(1969)a

Otherb 1.9 Based on Burns
(1969)a

Daphnia
longispina-galeata

Ov. ♀ 8.4 Based on Burns
(1969)a

Otherb 3.4 Based on Burns
(1969)a

Bosmina longirostris 0.4–0.6 mm 0.4 Haney (1973)
1.7 McNaught et al.

(1980)
Eubosmina coregoni 1.7 McNaught et al.

(1980)
Diaphanosoma
brachyurum

1.6 Haney (1973)
1.1 Zánkai and Ponyi

(1986)

a We derived an average Daphnia spp. filtering rate of 17.7 ml mg dry weight−1 d−1

from Burns (1969) and applied this rate to the average weight of an individual Daphnia
within each category (unpublished data).

b Includes immatures, males, and non-ovigerous females.
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centered and standardized, so that their relative effect could be
assessed. These analyses were performed using the statistical package
Minitab Release 13.1 (Minitab Inc., State College, PA, USA).

To identify themain mode of regulation of CHL-A, we tested for cor-
relation between CHL-A and SW-TP and betweenGRAZER and SW-TP. A
combination of [i] a lack of correlation between CHL-A and SW-TP, and
[ii] a positive correlation between GRAZER and SW-TP was interpreted
as evidence of top-down regulation of phytoplankton biomass by
Fig. 2. Trends in external loadings of total phosphorus (TP Lext), total phosphorus concentration
a) in Lake Lugano (north and south basins) from 1983 to 2014. The grey lines are interpolat
significant, ⁎ = P b 0.05, ⁎⁎= P b 0.01, ⁎⁎⁎ = P b 0.001.
grazers (see Oksanen et al., 1981, for rationale). The converse combina-
tion was interpreted as evidence of bottom-up regulation.

Results

Between 1983 and 2014, the annual Lext decreased in both basins of
the lake (north basin: Z = −4.07, P b 0.001; south basin: Z = −5.01,
P b 0.001; Fig. 2), although at different rates. Based on Sen's slope (Q),
in the north basin Lext decreased at a median rate of
−0.02 g m−2 yr−1, whereas in the south basin it decreased four times
faster, at a rate of −0.08 g m−2 yr−1. In both basins, Lext was reduced
by 50%–54% between the first and the last decade of the study period
(from 1.4 g m−2 to 0.7 g m−2 [37.7 t to 19.3 t] in the north basin, and
from 3.9 g m−2 to 1.8 g m−2 [78.4 t to 37.3 t] in the south basin).
Most of the reduction occurred before the mid-1990s; thereafter, Lext
appeared to stabilize (Fig. 2).

Surface water-TP concentrations during late-winter turnovers
displayed different patterns in the two basins (Fig. 2). In the north
basin, SW-TP concentrations displayed no overall trend (Z = −1.77,
P N 0.05). Instead, these concentrations declined from the beginning of
the study period to the mid-1990s, but subsequently they increased
and reached a transitory peak in 2005–2006, the years of the exception-
al mixing events, as mentioned previously. From 2006 to 2014 they de-
creased again, and by the end of the study period they attained
concentrations similar to those recorded in the 1990s. In the south
basin, SW-TP concentrations displayed a decreasing trend throughout
the study period (Z = −6.56, P b 0.001; Q = −3.30 mg m−3 y−1).
SW-TP concentrations at turnover and Lext were uncorrelated in the
north basin (one-year time-lagged correlation, ρ = 0.07, P N 0.1), al-
though they were correlated in the south basin (ρ = 0.76, P b 0.001).

During 2005–2014 the annual Lext averaged 0.7 g m−2 (19.3 t) for
the north basin and 1.8 g m−2 (37.3 t) for the south basin. Typical con-
centrations of SW-TP concentrations at turnover (excluding years of ex-
treme mixing events) were 43 mg m−3 for the north basin (excluding
2005–2006) and 40 mg m−3 for the south basin (excluding 2014).
Based on these values and modelled values of Rsed (Eq. (5)), the Lint
model (Eq. (4)) predicted Lint values of 0.5 g m−2 (13.8 t) and
0.9 g m−2 (18.3 t), respectively. Varying the values to Rsed by
s during turnover (Turnover TP), and chlorophyll a concentration in summer (Summer Chl
ed LOWESS smoothers. Z is the normalized statistics of Mann-Kendall's test. NS = non-
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increments up to ±0.2 of the modelled values yielded Lint values rang-
ing between 0.1 and 0.4 gm−2 for the north basin and 0.6–1.3 gm−2 for
the south basin.

The hypothetical SW-TP concentrations that might have been ex-
pected (on average) at turnover if no Lint had developed in the lake (cal-
culated by setting Lint = 0 in Eq. (3)) ranged between 0 and 20mgm−3

for the north basin and between 5 and 24 mg m−3 for the south basin.
The comparison between these values and the TP concentrations ob-
served during years of meromixis (Fig. 2), suggests that that the most
realistic estimates are the highest values (20 mg m−3 and
24 mg m−3), obtained using Rsed = 0.6 for the north basin and
Rsed = 0.5 for the south basin. In the north basin, discrepancies from
these hypothetical concentrations were most apparent during a 5–
6 year period that encompassed both sides of the 2005–2006 mixing
events. In the south basin, during the period 2005–2014 (i.e., at least a
decade after the apparent stabilization of Lext), the hypothetical value
of 24 mg m−3 was exceeded on average by 1.7 folds. The values of Lint
predicted using the values of Rsed calibrated based on our results (0.6
for the north basin and 0.5 for the south basin) were 0.1 g m−2 (2.8 t)
and 0.6 g m−2 (12.2 t). These values suggest that during the last decade
of the study period the gross Lint emerging at turnovers amounted to
14% and 33% of Lext, for each basin respectively.

CHL-A displayed decreasing trends in both basins (north basin:
Z = −2.59, P b 0.01, Q = −0.50; south basin: Z = −2.90, P b 0.01,
Q = −0.97; Fig. 2). During the last decade of the study period, CHL-A
values averaged 13.1 mg m−3 in the north basin and 21.6 mg m−3 in
the south basin, indicating eutrophic conditions. GRAZER and FILTR
displayed nomonotonic trends in the north basin (Z=1.00 and 1.12 re-
spectively, P N 0.05), whereas they showed negative trends in the south
basin (GRAZER: Z = −2.19, P b 0.05, Q = −0.07, Fig. 3; FILTR:
Z = −2.79, P b 0.01; Q = −0.04). GRAZER and FILTR were highly cor-
related (ρ=0.96–0.98), and therefore could be used interchangeably in
the analyses. FILTR was determined mainly by the filtration rates of the
large-bodied nonnative calanoid E. gracilis and the cladoceran D.
longispina-galeata, which, together, accounted for 63.0% (north basin)
and 71.1% (south basin) of the community-wide rates (not shown).

In the north basin, the decline in CHL-Awas uncorrelated to changes
in SW-TP concentrations (ρ=0.25, P N 0.1), whereas in the south basin
CHL-A and SW-TP were marginally correlated (ρ = 0.39, P b 0.05;
Fig. 4). However,multiple regression analysis indicated that, in both ba-
sins, year-to-year variation in CHL-A was explained by both SW-TP at
turnover and FILTR (Table 3). That is, in each basin, significant effects
of SW-TP and FILTR emerged if the effect of the other predictor was
accounted for. As expected, SW-TP had positive effects on CHL-A, and
FILTR had negative effects.

Especially in the north basin, the arrival of E. gracilis in 1989 pro-
duced an increase in summer grazer biomass (Fig. 3) and filtration
rates (not shown). Therefore, to explore top-down regulation of CHL-
Fig. 3.Trends in zooplankton grazer biomass in Lake Lugano (north and south basins) from1983
Mann-Kendall's test. NS = non-significant, ⁎ = P b 0.05, ⁎⁎= P b 0.01, ⁎⁎⁎ = P b 0.001.
A, we ran separate analyses for the whole study period and the years
after the colonization (1989–2014). These analyses indicated that for
the whole period, GRAZER was uncorrelated to SW-TP at turnover
(north basin: ρ=−0.01, P N 0.1; south basin: ρ= 0.32, P N 0.05). Dur-
ing the post-colonization period, CHL-A was uncorrelated with TP in
both basins (north basin: ρ = 0.34, P N 0.05; south basin: ρ = −0.10,
P N 0.1). In the north basin, GRAZER was uncorrelated to turnover SW-
TP (ρ = 0.36, P N 0.05), but further exploration of the data revealed a
correlation between GRAZER and summer SW-TP concentrations
(ρ = 0.42, P b 0.05). In the south basin, GRAZER was correlated to
SW-TP (ρ = 0.58, P N 0.01).

Discussion

Did the responses of P concentration and phytoplankton biomass support
the predictions of the nutrient-loading reduction approach, or did the
response deviate owing to the development of internal loadings and/or
top-down control?

In Lake Lugano, the relationships underlying the nutrient-loading re-
duction approach (Lext → TP → biomass) were complicated or
overshadowed by the effects of Lint and grazing by zooplankton, respec-
tively. As a result, the Lext → TP and TP → biomass links appeared
decoupled in the north basin, while the TP → biomass link appeared
weak in the south basin.

Internal loadings of P developed in both basins of the lake, but their
effects varied. In themeromictic north basin, internal loadings emerged
mainly during a single pulse (5–6 years), which encompassed the deep-
mixing events of 2005–2006 (the surge of Lint is indicated by the large
difference between the theoretical equilibrium TP concentrations and
the observed values). Outside this pulse, entrainment of internal load-
ings to surface waters was presumably small, because most of the P re-
leased from the sediments was trapped below the chemocline.
However, the mixing events caused part of this P to well up, and pro-
duced some of the highest SW-TP concentrations recorded in the
basin during the study period (up to 102–106mgm−3). The concentra-
tions reached during this pulse were approximately five times higher
than the equilibrium concentration expected based on external loadings
alone (20 mg m−3).

In the north basin, the large emergence of Lint during the years
encompassing the exceptional turnovers caused an unusual pattern of
recovery from the reduction of Lext. That is, the release did not only tem-
porarily set back the recovery process, but it also apparently decoupled
the Lext → TP link. We suggest that this link was severed by the over-
whelming influence of winter climate on year-to-year variation in
SW-TP. In deep meromictic lakes, including Lake Lugano, the transfer
of Lint from deep to surface waters depends on the depth of vertical
mixing during turnovers, with deeper mixing resulting in greater
to 2014.The grey lines are interpolated LOWESS smoothers. Z is the normalized statistics of



Fig. 4. Relationships between Turnover TP and Summer Chl a in Lake Lugano (north and south basins) during 1983–2014. Correlation coefficients: NS = non-significant, ⁎ = P b 0.05.
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transfer and, therefore, higher SW-TP concentrations (Salmaso et al.,
2014). In turn, the depth of mixing is negatively associated to the air
temperature during the previous winter, with colder winters resulting
in deeper mixing (Salmaso et al., 2014). As a case in point, the excep-
tional turnovers of 2005–2006, which resulted in the entrainment of
Lint to the surface waters of this basin, were triggered by exceptionally
cold winters. It should not be surprising that in such a system the spo-
radic occurrence of climate-triggered turnovers would have greater in-
fluence on the year-to-year variation in SW-TP than a gradual decline in
Lext, and that this influence could apparently sever the Lext → TP link.
Nonetheless, our results also indicate that the entrainment of TP to sur-
face waters began 2–3 years before the mixing events, indicating that
the chemocline had already started to erode before these events. There-
fore, it is likely that the exceptional turnovers were preluded by other
changes in the monimolimnion (including an increase in temperature;
Lepori and Roberts, 2015) which remain, however, poorly understood.

In contrast with the north basin, in the south basin substantial inter-
nal loadings were (almost) a yearly occurrence. These loadings clearly
delayed the decline of SW-TP that might have been expected based on
the reduction of Lext. For example, during the last decade of the study
(excluding 2014,when the basin did not turn over), equilibriumTP con-
centrations were estimated at 24 mg m−3, whereas the observed con-
centrations averaged 40 mg m−3. The difference indicates that,
approximately two decades after the apparent stabilization of Lext, as
much as 40% of the turnover SW-TP stemmed from internal loadings.
This large contribution also indicates that Lint (estimated at one third
of Lext) contributed proportionally more TP to surface waters at turn-
overs, almost certainly because the Lint arising at turnovers is not subject
Table 3
Multiple regression models predicting phytoplankton biomass (CHL-A) from total phos-
phorus concentrations in surface waters (0–20 m) at turnover (SW-TP) and the filtration
rate of the zooplankton grazer assemblage (FILTR).

Basin Predictor Coefficient T P F P R2

North
basin

SW-TP 4.5 3.88 b0.01
FILTR −5.8 −4.79 b0.001
SW-TP × FILTR −2.12 −2.26 b0.05
Whole model
(F-test, R2)

15.8 b0.001 62.9%

South
basin

SW-TP 15.3 6.36 b0.001
FILTR −8.7 −3.65 b0.01
SW-TP × FILTR −3.0 −1.16 N0.1
Whole model
(F-test, R2)

14.3 b0.001 60.5%
to settling (we assumed that it emerged in one single pulse, see
Methods). The disproportionate effect on phosphorus concentrations il-
lustrates why the development of internal loadings can be particularly
problematic for the management of eutrophic lakes.

A second difference between basins is that in the south basin the
Lext → TP link was not decoupled. This difference is explained by the
holomictic regime of the south basin. Because the depth of vertical
mixing varied less than in the north basin during the study period (un-
published data), the climatic influence on the entrainment of Lint during
the late-winter circulation was similarly constrained. Therefore, Lext
played a relatively greater role in explaining year-to-year variation in
turnover SW-TP relative to the north basin.

Phosphorus was not the only driver of phytoplankton biomass in
Lake Lugano. In both basins, grazing by crustacean zooplankton
emerged as an important additional predictor over the whole study pe-
riod. Furthermore, our results indicate that during the period that
followed the arrival of the grazer Eudiaptomus gracilis (1989–2014),
phytoplankton and grazer dynamics matched those of a top-down con-
trolled food chain, as predicted by classic ecosystem exploitation hy-
potheses (Oksanen et al., 1981; Persson et al., 1988), where herbivore
(grazer) biomass, but not plant (phytoplankton) biomass, correlates
with productivity (TP). In these systems, an increase in TP increases pri-
mary production, but the extra production is absorbed by an increase in
consumer biomass, and this negative feedback stabilizes the biomass of
producers in the face of TP variation. Therefore, we suggest that the
TP → biomass link was decoupled in the north basin and weak in the
south basin because the food-chain was controlled from the top down
for most of the study period.

Prior to the arrival of E. gracilis, top-down control was probably
weaker (indicated by lower grazer biomass and higher phytoplankton
biomass), although the data are too scarce (1983–1988) to identify
clear trends. Nonetheless, stronger top-down control after the arrival
of E. gracilis may be attributed to a compositional shift toward higher
abundances of larger-bodied, presumably more efficient, zooplanktonic
grazers. In short, before this arrival the assemblage was dominated by
small grazers, including bosminids and Daphnia cucullata, whereas
after the arrival the assemblagewas dominated by E. gracilis and a larger
Daphnia,D. longispina-galeata. The causes of this shift are probably com-
plex, and may include chance (i.e., the accidental arrival of E. gracilis)
and a decline in fish predation (to which large zooplankton is more vul-
nerable, e.g. Jeppesen et al., 2003). A reduction in predation is supported
by circumstantial evidence. During the 1980s–1990s, bleak (Albunus
albidus), a planktivorous fish that had hitherto dominated the pelagic
zone of the lake, underwent a drastic decline due to factors including
a loss of spawning habitat, a decline in lake productivity, and an
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outbreak of branchiomycosis (Polli, 2004). It seems likely that this de-
cline favored the replacement of D. cucullata by D. longispina-galeata,
as the larger D. longispina-galeata is more vulnerable to fish predation
than D. cucullata (Hessen et al., 1995).

Overall, our results indicate that the relationship between TP and
phytoplankton biomass can be important, but is moderated by the
structure of the food web. Moreover, although changes in food web
structure may be themselves driven by changes in lake productivity
(e.g., Persson et al., 1988), our study indicates that they can also depend
on species introductions and other stochastic events (e.g., the sudden
decline of bleak), and, therefore, may be partly unpredictable.

Was the response of Lake Lugano consistent with the patterns hypothesized
for deep lakes?

In a large-scale study of 35 lakes undergoing reductions in external
loadings of nutrients (including 13 deep lakes, nearly all from cool-tem-
perate climates), Jeppesen et al. (2005) found that new equilibrium
concentrations were usually reached within 10–15 years, suggesting
that the effects of internal loadings were relatively short-lived. There-
fore, we were surprised by the substantial effects of Lint on the recovery
of Lake Lugano, especially given our expectation that Lint may be less
problematic in deep than in shallow lakes (see Introduction). Further-
more, the depth of Lake Lugano did not prevent the reduction of large
grazers (D. longispina-galeata) under eutrophic conditions. In contrast,
Jeppesen et al. (2003) found that in deep temperate lakes across the
world, Daphnia was able to maintain high relative biomass even at
high P concentrations, probably owing to the possibility of using deep
waters as refuges from fish predation.

The development of internal loadings in Lake Lugano was probably
favored by the long history of nutrient pollution and the warm
monomictic turnover regime. In lakes, the amount of internal loading
developed every year depends on the duration of the anoxic period,
the area of the anoxic sediments, and the rate of P release from the sed-
iments (Nürnberg, 1984). Therefore, all else being equal, a monomictic
regime favors internal loadings because it engenders longer stratifica-
tion and anoxic periods (up to one year). In comparison, lakes that cir-
culate twice a year, which represent the most common type in cool-
temperate environments (Wetzel, 1975), tend to have shorter stratifica-
tion/anoxic periods (up to a few months), and therefore should accu-
mulate proportionally smaller Lint.

We further suggest that the apparent vulnerability of large zoo-
planktonic grazers (i.e., Daphnia longispina-galeata) to fish predation
during most of the 1980s stemmed from a limited access to deep-
water refuges. Because of the severely eutrophic conditions, in summer,
oxygen concentrations around the thermocline were often critical (e.g.,
1–4 mg L−1, Müller and Meng, 1992). Such low oxygen concentrations
might have acted as a barrier via reduced fitness (i.e., growth and sur-
vival) to the vertical migrations of plankton (Goto et al., 2012). As a re-
sult, it is likely that both fish and zooplankton were constrained within
the epilimnion, and that the vulnerability of zooplankton to fish preda-
tion would have been similar to that experienced in shallow lakes lack-
ing deep-water refuges. Therefore, with regard to the development of
internal loadings and the vulnerability of large-bodied zooplankton to
fish predations, the response of lakes does not appear to be a simple
function of depth, but is influenced by factors including mixing regime
and trophic status.

Was the response influenced by the different morphometric characteristics
of the north and south basins?

The depth and other relatedmorphometric parameters (e.g., Osgood
Index) of the two basins influenced the response to eutrophication, as
the deep north basin became meromictic, whereas the shallower
south basin remained holomictic (see Methods). Likewise, the different
morphometry influenced the response to the reduction in Lext. In the
south basin, TP concentrations at turnover approached a new equilibri-
um concentrations gradually, even though the recovery was delayed by
the effect of Lint. In the north basin, by contrast, the response was irreg-
ular, consisting of phases of meromixis during which Lint were small,
and deep-mixing events duringwhich large amounts of Lint werewelled
up. Becausemeromixis was caused andmaintained by eutrophic condi-
tions (see Methods), a reduction in Lext should favor deep mixing
events. Therefore, the trajectory of this basin toward mesotrophic con-
ditions might include a period of irregular shifts between meromixis
and completemixing events, until holomixis is eventually restored (un-
less climate warming offsets this trend, see Lepori and Roberts, 2015).
As a result, the north basin will probably require a longer time than
the south basin to reach a new, permanent equilibrium with Lext.

Whereas the response of TP differed among basins, the responses of
the planktonic community was similar, at least qualitatively, which fur-
ther suggests that interactionswithin this communitywere largely con-
trolled by factors acting at the whole-lake level (e.g., the arrival of E.
gracilis and the decline of bleak).

Implications for management

The delayed response of the south basin and the irregular trajectory
of the north basin have management implications for Lake Lugano and
deep, warm water lakes in general. For Lake Lugano, the implications
are mixed. On the one hand, our results suggest that both basins of
the lake may eventually reach the restoration targets (a mesotrophic
state, with TP concentrations b30mgm−3, see Methods) under current
Lext levels. On the other hand, the development of Lint means that stable
mesotrophic conditionwill not be achieved until these loadings are sub-
stantially depleted. The literature suggests that the time necessary to
deplete internal loadings is variable, although it may span several de-
cades in lakeswith a long pollution history (Schindler, 2006). Therefore,
in Lake Lugano, where pollution begun in the 1940s, mesotrophic con-
ditionsmay not be achieved for several decades, unless Lext are reduced
further (which may be difficult to achieve) or additional management
methods are used (e.g., biomanipulation or chemical treatment of
sediments).

Among deep lakes, warm monomictic regimes are common under
warm climates (~25° to 40° degrees of latitude) and along coastal re-
gions of cool-temperate regions (Wetzel, 1975). Moreover, meromixis
is common under tropical conditions, especially in deep lakes (Wetzel,
1975). If the monomictic regime of Lake Lugano exacerbated the devel-
opment of internal loadings, as we have demonstrated, one implication
is that in warm regions the recovery from eutrophic conditions in deep
lakes will be slower than might be expected based on the response of
cool-temperate lakes. Moreover, global warming is predicted to en-
hance stratification in lakes, and may drive the regimes of temperate
lakes toward warm monomixis (Adrian et al., 2009; Kirillin, 2010).
Based on this shift, a second implication is that eutrophic cool-temper-
ate lakes that are currently warming may become more vulnerable to
the development of Lint (and more resistant to reductions in nutrient
loadings) in the future. Paradoxically, the development of meromixis
in deep lakes may help reduce the transfer of Lint to surface waters, al-
though most lakes (except the deepest ones, which never turn over)
may become unstable, alternating periods of meromixis to sudden
surges of Lint after exceptional events of vertical mixing.

This study illustrates the complexity of the recovery process from
eutrophication. Far from the scenario predicted by the nutrient loading
approach, in Lake Lugano, phytoplankton biomass was influenced not
only by Lext, but also by Lint and zooplankton grazing, which were in
turn influenced by lake morphometry, climate, and food web structure.
A question raised by this study, therefore, is whether the nutrient load-
ing reduction approach, and the predictive models commonly used in
the application of this approach, are valuablemanagement tools. Our re-
sults suggest that in deep lakes, these models are too simplistic to pro-
duce accurate predictions. Nonetheless, if food-web structure reflects
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random colonization and near-extinction events, and the importance of
Lint is moderated by climatic variability, accurate predictions would be
inherently difficult or impossible to attain, even ifmore complexmodel-
ling approaches were used. Simple models may remain a practical op-
tion, so long as their predictions are used only as starting points
within adaptive management frameworks.
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