
Extreme Climatic Event Triggers a
Lake Regime Shift that Propagates
Across Multiple Trophic Levels

Isabella Bertani,1,3* Raul Primicerio,2 and Giampaolo Rossetti1

1Laboratory of Aquatic Ecology, Department of Life Sciences, University of Parma, Parco Area delle Scienze 11A, 43124 Parma, Italy;
2Department of Aquatic Biosciences, Norwegian College of Fishery Science, University of Tromsø, 9037 Tromsø, Norway; 3Water

Center, Graham Sustainability Institute, University of Michigan, 625 E. Liberty St., Suite 300, Ann Arbor, Michigan 48104, USA

ABSTRACT

Extreme climatic events, such as heatwaves and

droughts, are occurring more frequently in many

regions of the world. Lakes may be especially vul-

nerable to climatic perturbations, which can trigger

sudden ecosystem changes through alterations in

the hydrologic regime. However, the nature of lake

response to climatic extremes, and associated long-

term ecosystem-level implications are difficult to

predict, due to the paucity of time series allowing

exploration of ecosystem behavior before, during,

and after extreme events. We investigated the im-

pacts of the 2003 European heatwave on a small,

stratifying lake by analyzing available limnological

data between 1986 and 2012. In summer 2003, a

shift from an unvegetated to a macrophyte-domi-

nated regime occurred, due to the rapid spread of a

benthic charophyte. We explored candidate

mechanisms driving the shift by comparing

empirical observations with the outcome of a

model on lake alternative states parameterized for

our study lake. Our results support the hypothesis

that enhanced light availability due to a heatwave-

induced decrease in water level drove the switch in

dominant primary producers. The spread of the

charophyte was associated with strong depletion of

inorganic nutrients and suppression of the typical

summer phytoplankton peak. These bottom-up

interactions triggered cascading effects at higher

trophic levels, inducing a decline in herbivorous

zooplankters with high food requirements and in

predatory taxa. Some of the changes in the lake

food web persist through the available time series.

If incidence of heatwaves increases, as projected

across temperate regions, our findings suggest that

abrupt and long-lasting ecosystem-level reorgani-

zations may occur in small, stratifying lakes.

Key words: heatwave; alternative states;

submerged macrophytes; cascading effects; ecolog-

ical interactions; LTER network; time series;

chronological clustering.

INTRODUCTION

Ecosystems may exhibit abrupt shifts to a contrasting

regime triggered by environmental change (Scheffer

and Carpenter 2003; DeYoung and others 2008).

These regime shifts may cause considerable socioe-

conomic losses through deterioration of ecosystem

functions and services (Folke and others 2004), and

they pose serious management issues with respect to
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their reversibility, costs and feasibility of restoration

measures, and the adoption of effective policies to

enhance ecosystem resilience (Carpenter and others

1999; Groffman and others 2006; IPCC 2012). Cli-

mate change is a major trigger of ecosystem-level

regime shifts, as it can gradually impair the resilience

of a system and increase the probability of catas-

trophic transitions driven by stochastic perturbations

(Scheffer and others 2001). In aquatic systems, sud-

den and persistent community reorganizations are

increasingly reported as a consequence of changes in

large-scale climatic patterns (Hare andMantua 2000;

Smol and others 2005; Kortsch and others 2012;

Boucek and Rehage 2014). In particular, lakes are

sensitive ecosystems to environmental change (Par-

ker and others 2008; Williamson and others 2009).

Recent global warming is expected to alter physico-

chemical and biological processes in lakes by affecting

water temperature and heat balance, duration and

stability of thermal stratification, water level, length

of the growing season, and ice phenology in systems

that are ice-covered in winter (Adrian and others

2009). These impacts derive from a combination of

changes in average climatic conditions and extreme

climatic events. Climatic extremes, especially heat-

waves and droughts, have increased in frequency,

duration, and magnitude in many regions of the

world, and this trend is predicted to continue

(Jentsch and others 2007; IPCC 2012), thereby rais-

ing urgent questions regarding their ecosystem-scale

consequences on freshwater systems (Jones 2013).

Fluctuations in lake depth are prominent impacts

of heatwaves and droughts, due to alterations in

the balance between precipitation and evaporation

(Jones 2013). A reduction in water level enhances

the amount of light reaching lake bottom and in-

creases the critical turbidity at which benthic veg-

etation is able to grow, giving submerged

macrophytes a potential competitive advantage

over phytoplankton (Scheffer 1998). If a lake lies

within a range of conditions for which multiple

equilibria exist, or if the underwater light regime is

close to the critical threshold for macrophyte

growth, a small change in water level due to a

climatic perturbation might trigger a steep response

of primary producers and tip the system to a con-

trasting regime (Scheffer and others 1993, 2001).

Such swift transitions have largely been docu-

mented in shallow, eutrophic lakes, where modest

decreases in water level can induce switches in

dominance from phytoplankton to submerged

macrophytes (Blindow 1992; Van Geest and others

2007; Zhao and others 2012). However, the mag-

nitude and abruptness of vegetation responses to

water level fluctuations strongly depend on lake

morphometry (Scheffer 1990), and few studies

examined the potential for nonlinear responses of

relatively deeper, stratifying lakes to climatic ex-

tremes affecting their water balance (Van Geest and

others 2007; Hansen and others 2013).

The primary aim of this work is to investigate

ecological processes governing lake ecosystem re-

sponses to extreme climatic events. Specifically, we

explored the impacts of the 2003 European heat-

wave (Luterbacher and others 2004; Schär and

others 2004) on a stratifying lake, and we looked

for evidence of abrupt ecosystem-level changes that

might be indicative of a regime shift. The study lake

is an ideal model system to investigate ecological

implications of climatic events. Being a remote and

pristine mountain lake, local anthropogenic pres-

sures that might confound the influence of climatic

patterns are minimized (Hazeu and others 2010).

Its simple food web, with few trophic levels, facil-

itates the detection of changes in community

structure and the associated driving mechanisms

(Primicerio and others 2007). The lake’s surface

area falls within the range estimated to include the

highest number of lakes globally (Downing and

others 2006). Finally, long-term limnological time

series are available for this site, including several

years before and after the heatwave, thus providing

a unique opportunity to investigate long-term

ecosystem consequences of a climatic extreme.

A sudden transition from a phytoplankton- to a

macrophyte-dominated regime occurred during the

heatwave. We hypothesized that a heatwave-in-

duced decrease in water level acted as the key factor

promoting macrophyte growth across the lake bot-

tom. We used a model by Scheffer (1998) to inves-

tigate whether our candidate hypothesis could

plausibly explain the observed switch from pelagic

to benthic control of primary production. We fur-

ther expected that consequences of the phase shift

would propagate across multiple trophic levels.

Specifically, we built a conceptual model mapping

the main ecological interactions and ecosystem

engineering processes hypothesized to induce

higher-order effects along the lake foodweb, andwe

analyzed physico-chemical and biological time ser-

ies to verify the occurrence of themajormechanisms

predicted by our conceptual model.

MATERIALS AND METHODS

Study Site and Long-Term Time Series

Lake Scuro Parmense is an oligotrophic dimictic

lake located in the Northern Apennines (Italy) at

an altitude of 1527 m a.s.l. (Lon: 10.046 E; Lat:

Lake Regime Shift Induced by Climatic Extreme 17



44.382 N; Figure S9). It has a surface of 1.2 ha,

maximum depth of 9.4 m, and the drainage basin

covers an area of 17.1 ha. Ice cover usually lasts

from November to May. The lake is naturally

fishless, and although fish have occasionally been

released, no self-sustaining population is present.

Lake Scuro is part of the Long-Term Ecosystem

Research Network (LTER) site IT09 Mountain

Lakes. Limnological surveys were carried out in the

open water season (May–October) of the following

years: 1986, 1989–1994, 1998, 2003, 2007–2009,

and 2012. Samples were collected at weekly to

monthly intervals from the point of maximum lake

depth. Maximum depth, Secchi disk transparency,

and water temperature profiles at 1-m intervals

were recorded in each occasion. Water samples

were collected at different depths and the following

hydrochemical variables were analyzed: pH, elec-

trical conductivity, total alkalinity, dissolved oxy-

gen, nitrate, nitrite, ammonium, soluble reactive

phosphorus, dissolved reactive silica, and chloro-

phyll-a. One qualitative and two quantitative zoo-

plankton samples were taken by means of vertical

hauls using a 50-lm net. Details on hydrochemical

analytical methods can be found in Viaroli and

others (1994). Zooplankton identification and

counting were performed following Bottrell and

others (1976). Field and lab methods did not

change over time. In 2012, attenuation of photo-

synthetic active radiation (PAR) in the water col-

umn was measured at 1-m intervals with an

underwater quantum sensor (LI-192, Li-Cor Inc.).

Until the summer of 2003, no benthic vegetation

had ever been observed. After the sudden and

massive development of a charophyte in 2003 (see

Results), we qualitatively estimated depth distri-

bution of benthic vegetation in each year by drag-

ging the lake bottom along a transect from the

maximum depth point to the shore. We also col-

lected macrophyte samples for taxonomic identifi-

cation.

Results of surveys conducted between 1986 and

1998 were described in previous publications (An-

tonietti and others 1988; Rossetti and others 1996;

Rossetti and Viglioli 2001), whereas data recorded

from 2003 to 2012 are unpublished. Zooplankton

data collected in 2012 were not available at the

time this study was completed. Metadata on all

physico-chemical and biological datasets are

accessible through the Drupal Ecological Informa-

tion Management System created within the

Life + Project EnvEurope (http://data.lter-europe.

net/deims/) (Oggioni and others 2012; Kliment and

others 2013). Monthly average air temperatures

recorded from 1978 to 2012 at a station 30 km far

from the lake (Lon: 9.933 E; Lat: 44.433 N; 1040 m

a.s.l.) were downloaded from the National Oceanic

and Atmospheric Administration website (www.

climate.gov).

Heatwave Impacts on Physical Lake
Characteristics

We compared average summer water level and

temperature in 2003 with the respective long-term

means (1986–2012). To verify whether the heat-

wave affected underwater light regime, we down-

loaded satellite-based total monthly irradiation

values at the study area from the HelioClim solar

radiation database (www.soda-is.com). We calcu-

lated total irradiation reaching different lake depths

in each month with the Lambert-Beer law, using

values of average monthly vertical light attenua-

tion coefficient (E0) estimated according to the

following equation:

E0 ¼ 0:016� Chlaþ 1:3
ffiffiffiffiffiffiffiffiffi

SDT
p ; ð1Þ

where Chla is chlorophyll-a concentration (lg l-1)

and SDT is Secchi disk transparency (m) (Scheffer

1998). Our E0 estimates are in close agreement

with values reported for oligotrophic lakes (Koen-

ings and Edmundson 1991). However, to further

validate our results, we used the Lambert-Beer law

to calculate the vertical attenuation coefficient

from in-situ irradiance profiles measured in 2012.

We compared these values with those obtained

using equation (1) and percentage error ranged

between 1.7 and 13.4%. We assumed a lake surface

reflectance of 5% (Middelboe and Markager 1997)

and we calculated PAR as 47% of total irradiation

(Chambers and Kalff 1985). We summed monthly

PAR values at each depth over summer months

(Jun–Aug), to estimate the total amount of PAR

available during the macrophyte growing season in

each year. We compared the summer 2003 PAR

depth profile with the corresponding long-term

average.

Modeling Ecosystem Response
to a Climatic Extreme

To explore whether a heatwave-associated drop in

water level could plausibly trigger the observed

shift from an unvegetated to a macrophyte-domi-

nated lake bottom, we applied a model by Scheffer

(1998) that can give rise to two alternative stable

states in shallow lakes: one with abundant benthic

vegetation and clear water, and one characterized

by the absence of macrophytes and higher turbidity
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(Scheffer and others 1993, 2001). The effect of

turbidity on equilibrium vegetation abundance V is

described by a Hill function (2), whereas equilib-

rium turbidity E varies with vegetation as a Monod

function (3) (Scheffer 1998):

V ¼ h
p
E

Ep þ h
p
E

ð2Þ

E ¼ E0 �
hv

hv þ V
: ð3Þ

These curves represent the nullclines of the

vegetation-turbidity interaction system. Points on

the phase plane where nullclines intersect are sys-

tem equilibria.

To investigate whether, and under which con-

ditions, the model predicts a sudden change in

dominant primary producers similar to that ob-

served in 2003, we parameterized the model by

defining plausible ranges of parameter values based

on long-term data from the lake or according to

literature data and our knowledge of the system.

We estimated E0 (vertical light attenuation coeffi-

cient in absence of macrophytes) for each sampling

date using equation (1), and we set it to vary be-

tween the minimum (0.4 m-1) and maximum

(0.8 m-1) values calculated in June–July for the

period 1986–1998, when no benthic vegetation

was observed (Figure S1). We focused on light

attenuation conditions during June-July because

that was the critical time of the season for charo-

phyte establishment in 2003. Vegetation percent-

age cover necessary to cause a 50% decrease in

vertical light attenuation (hV) may vary between 0

and 1, and it is commonly approximated to 0.2 in

shallow lakes (Van Nes and Scheffer 2005; Van

Geest and others 2007). Because this value in-

creases with lake depth, and our study lake is rel-

atively deeper than most shallow lakes to which

the model has been applied (Scheffer and Van Nes

2007; Van Geest and others 2007), we varied this

parameter between 0.2 and 1. The power p defines

the shape of vegetation response to changes in

turbidity or water level (Scheffer 1998). It depends

on lake morphometry, being higher for flat lakes

than for v-shaped ones (Scheffer 1990). Most of the

literature sets p = 4 for lakes that have a somewhat

flatter morphometry than Lake Scuro (Van Nes and

Scheffer 2005; Van Geest and others 2007; Van Nes

and others 2007). We therefore varied p between 2

and 4 to account for the more heterogeneous depth

profile of our study lake. The critical light attenu-

ation at which vegetation colonizes the lake bottom

(hE) is inversely related to water level (Scheffer

1998). Under water levels recorded before and after

2003, macrophytes were either absent (pre-2003)

or unable to colonize the whole lake bottom (post-

2003) at light attenuation values down to about

0.4 m-1, suggesting that hE is lower than 0.4 m-1

at average lake depth. In 2003, when water level

reached an historical minimum (see Results) and

macrophytes spread across the lake, the attenua-

tion coefficient ranged between 0.5–0.6 m-1. Be-

cause hE varies with lake depth, we simulated

equilibrium vegetation percentage cover as a

function of hE to investigate the nature of the sys-

tem’s response to a decrease in water level (that is,

an increase in hE) similar to that observed in 2003

(from <0.4 m-1 to 0.5–0.6 m-1). Model sensitivity

to changes in other parameter values (E0, hV, and

p) was assessed by varying each parameter within

the range of plausible values defined for the study

lake and exploring changes in model behavior

associated with different combinations of parame-

ter values.

Ecosystem-Level Implications of
Macrophyte Take-Over

To test whether the 2003 heatwave and macro-

phyte establishment were associated with signifi-

cant changes in abiotic and biotic lake features, we

carried out chronological clustering of physico-

chemical and biological time series. This technique

identifies breakpoints in multivariate time series,

without requiring homogenous sampling fre-

quency (Legendre and others 1985). We divided

time series in two sets, one with physico-chemical

variables, including chlorophyll-a, and one with

zooplankton species abundances. Because we were

interested in detecting years of marked ecological

change, we set the time step of our analysis to year

and calculated annual means of each variable (Hare

and Mantua 2000; Weijerman and others 2005).

We carried out chronological clustering by per-

forming a multivariate regression tree analysis on

each set of time series, with year as the explanatory

variable (Borcard and others 2011). We analyzed

the two sets separately to verify whether environ-

mental and community data would lead to the

identification of the same change point year(s).

Values of physico-chemical variables collected at

different depths were averaged across the whole

water column. All physico-chemical variables were

standardized prior to analysis by subtracting their

mean and dividing by their standard deviation

(Borcard and others 2011). We included Secchi

depth, maximum lake depth, water temperature,

% saturation of dissolved oxygen, pH, total alka-
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linity, electric conductivity, nitrate, ammonium,

dissolved reactive silica, and chlorophyll-a. We

excluded soluble reactive phosphorus and nitrite as

they fell below analytical detection limits in most of

the sampling dates. Species abundances were

log(x + 1) transformed to reduce the influence of

highly abundant species (Ruppert and others 2010;

Borcard and others 2011). To exclude extremely

rare taxa, we only included rotifer and crustacean

species reaching in at least one sampling date 1000

ind m-3 and 500 ind m-3, respectively. Implica-

tions of the phase shift on physico-chemical fea-

tures and zooplankton community structure over

time were further analyzed by means of principal

component analysis (PCA) and nonmetric multi-

dimensional scaling (NMDS) (Legendre and

Legendre 1998; Kortsch and others 2012).

All analyses were performed with the software R

(version 3.0.2) using packages deSolve (version

1.10-8) to solve equations of the Scheffer’s model,

mvpart (version 1.6-1) for multivariate regression

tree analysis, and vegan (version 2.0-10) for PCA

and NMDS.

RESULTS

Heatwave and Physical Lake
Characteristics

Average summer air temperature in 2003 was

2.7�C higher than the maximum value recorded

since 1978 (Figure 1), and it was 2.6 standard

deviations above the long-term mean for the study

period (Figure 2). Correspondingly, mean summer

water temperature in 2003 (15 ± 3.1�C) exceeded
that in all other years (Figure 2), whereas summer

water level was the lowest ever recorded, down to a

minimum of 6.8 m in August 2003 (Figures 3, S7).

Estimated total PAR reaching the lake bottom in

summer 2003 was 72.26 mol m-2, more than twice

as high as the long-term mean of 31.25 ±

19.09 mol m-2 (Figure S2).

In June 2003, the charophyte Nitella gracilis was

observed for the first time. Nitella rapidly colonized

the whole lake bottom, forming a dense, uniform

mat which started to decline in September. In the

following years, the charophyte was always present

in summer (Figure S8), although its depth distri-

bution was confined between -2 and -7 m.

Modeling Vegetation Response to
Changes in Water Level

Chlorophyll-a concentration varied extensively

over the time series, and was negatively associated

with Secchi disk transparency (Pearson r = -0.48,

P < 0.01; Figure 4a). Under the corresponding

values of light attenuation coefficient (E0), irradi-

ation reaching depths deeper than seven meters

was low and just below the minimum threshold

reported to allow charophyte growth (Figure 4b).

Over the range of parameter values considered

for Lake Scuro, simulations of equilibrium vegeta-

tion as a function of hE indicate a potential for the

lake to exhibit multiple equilibria only for hV less

than 0.4 and p greater than 3 (Figures 5, S4). For hV
greater than 0.4 the model shows only one possible

equilibrium, although it still predicts discontinuous

responses to changes in hE when p is at least 3.

Specifically, for E0 approximately 0.5–0.6 m-1

(summer 2003 values, dashed curves in Figure 5a–

b), the model predicts that an increase in hE from
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Figure 1. Average

summer (Jun–Aug) air

temperature recorded

from 1978 to 2012 at a

weather station 30 km

from the study lake.
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less than 0.4 to 0.5–0.6 m-1, estimated as a con-

sequence of the 2003 drop in water level, deter-

mines a shift of the equilibrium from an

unvegetated to a macrophyte-dominated condi-

tion. As expected, for p less than 3 the model pre-

dicts a gradual rather than discontinuous response

to changes in water level (Figure 5c), which con-

trasts with the rapid spread of the macrophyte ob-

served in 2003.

Ecosystem Implications of Macrophyte
Take-Over

Chronological clustering on environmental and

biological data identified 2003 as the major break-

point in the time series, indicating the occurrence

of marked changes in both hydrochemical features

(Figures 6, S5a) and zooplankton community

structure (Figures 7, S5b–c, S6).
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Figure 2. Summer (Jun–Aug) averages of physico-chemical variables measured at Lake Scuro in each year. Averages

were standardized by subtracting the long-term (1986–2012) summer mean and dividing by the long-term standard

deviation. Black circles: 2003; Vertical segments: other years. Air T air temperature, Water T water temperature, Zmax

maximum depth, SDT Secchi depth; %DO % dissolved oxygen, Chl-a chlorophyll-a. Long-term means (m) and standard

deviations (sd): Air T: m = 17.3�C, sd = 1.5�C; Water T: m = 12.5�C, sd = 1.3�C; Zmax: m = 8.4 m, sd = 0.4 m; SDT:

m = 5.2 m, sd = 1.1 m; DO: m = 86.4%, sd = 11.9%; NO3: m = 85.4 lg l-1, sd = 40.4 lg l-1; NH4: m = 51.6 lg l-1,

sd = 42.8 lg l-1; SiO2: m = 0.2 mg l-1, sd = 0.1 mg l-1; Chl-a: m = 2.5 lg l-1, sd = 1.3 lg l-1.
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Percentage saturation of dissolved oxygen near

lake bottom usually drops significantly over sum-

mer, with minima down to 0% and a long-term

mean of 51 ± 35% in August. In summer 2003,

hypolimnetic oxygen never went below 90%, and

it reached a peak of 130% in August. Nitrate and

dissolved reactive silica normally exhibit a clear

seasonal pattern: their concentrations decrease

over summer, with minima in July–August and

regeneration in Autumn. Conversely, a peak in

ammonium is generally observed near the sedi-

ment in late summer, when hypolimnetic hypoxia

occurs. In 2003, summer concentrations of these

nutrients were the lowest ever recorded (Fig-

ure 6b). Nitrate and ammonium remained below

the detection limit in August and September,

whereas the respective long-term summer averages

equal 85.4 ± 40.4 lg l-1 and 51.6 ± 42.8 lg l-1

(Figure 2). In the years before 2003, average

summer concentration of dissolved reactive silica

was 0.32 ± 0.14 mg l-1. In 2003, a mean value of

0.06 ± 0.04 mg l-1 was recorded. After 2003,

reactive silica remained relatively low, with sum-

mer levels often below detection limit.

The seasonal inorganic nutrient depletion is

generally paralleled by an increase in chlorophyll-

a, which peaks in July–August. In 2003 summer

chlorophyll-a levels were 1.36 standard deviations

below the long-term mean (Figure 2). An

unprecedented delayed maximum of 6.9 lg l-1

was observed in September 2003.

Rotifers with a raptorial feeding behavior, that is,

Ascomorpha spp. (sum of A. ecaudis and A. saltans),

Polyarthra sp., and Synchaeta pectinata (Obertegger

and others 2011), declined permanently after 2003

(Figure 7b). Synchaeta pectinata used to peak in

summer, with maxima ranging between 4884 ind

m-3 and 43,957 ind m-3. In 2003, it did not exceed

65 ind m-3, and afterwards it was never found

again in the lake. Maximum densities of Polyarthra

sp. reached on average 38,220 ± 15,731 ind m-3 in

the pre-2003 period. In 2003, summer abundance

dropped to 13,866 ind m-3, and in the following

years it remained below 340 ind m-3. Densities of

Ascomorpha spp. never exceeded 3500 ind m-3 after

2003, whereas pre-2003 values ranged between

8891 ind m-3 and 67,744 ind m-3.

Similarly, the polyphagous rotifers Asplanchna

priodonta and Ploesoma hudsoni showed the lowest

abundances of the whole time series in 2003, al-

though they recovered to pre-2003 densities in the

following years.

Filter-feeding rotifers underwent a marked shift

in dominance. Conochilus gr. unicornis-hippocrepis

exhibited a record-setting peak of 549,415 ind m-3

in September 2003, thus reaching higher densities

than Keratella cochlearis for the first time since the

beginning of surveys (Figure S6).

The warm stenothermal cladoceran Di-

aphanosoma brachyurum, which had disap-

peared from the lake since 1992, re-appeared in

2003 and its population is now well established

(Figure S5b).

Eudiaptomus intermedius is the only calanoid in the

lake. It isunivoltineand reproductionoccursbetween

May and June. The highest population densities are
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usually observed in June–July, with an average

maximum of 27,027 ± 7401 ind m-3.

Between May and July 2003 Eudiaptomus did not

exceed 9541 ind m-3, which is the lowest value of

the time series (Figure S5c). Density of ovigerous

females (171 ind m-3) and mean number of eggs

per female (14.17 ± 3.76) in May–June 2003 were

comparable to the corresponding long-term means

(169 ± 161 ind m-3 and 11.1 ± 3.3, respectively).

However, the subsequent peak in nauplii was the

lowest ever recorded (6500 ind m-3, against a pre-

2003 average of 16,816 ± 7793 ind m-3). Simi-

larly, copepodid abundances in summer 2003 were

lower than in any other year. For instance, cope-

podids II and III did not exceed 967 ind m-3 and

276 ind m-3, respectively, whereas their corre-

sponding long-term averages equal 7093 ± 5021

ind m-3 and 8606 ± 4463 ind m-3. An unusual

second peak in Eudiaptomus nauplii was recorded in

September 2003 (26,727 ind m-3; Figure S5c).

DISCUSSION

Our findings provide evidence of an abrupt regime

shift triggered by an extreme climatic event in a

stratifying, oligotrophic lake. We show that ecolog-

ical implications of the shift affect multiple trophic

levels and determine marked changes in community

structure that persist long after the climatic anom-

aly. We propose a conceptual model illustrating

potential drivers and mechanisms underlying lake

ecosystem response to a climatic extreme (Figure 8).

Mechanisms Underlying Macrophyte
Take-Over

During the 2003 European heatwave, air temper-

atures exceeded long-term averages by 2–3�C over

most of central and southwestern Europe (Luter-
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Figure 5. Results of Scheffer‘s model (Scheffer 1998)

parameterized for Lake Scuro illustrating equilibrium

benthic vegetation percentage cover as a function of hE, a

parameter that is inversely related to water level (a de-

crease in water level corresponds to an increase in hE).

Changes in model results obtained by setting the

parameter p to three different values are reported,

namely (A) p = 4, (B) p = 3, and (C) p = 2. Within each

plot, the effect of select combinations of the remaining

model parameters (E0 and hv), encompassing the whole

range of values defined for each parameter, is illustrated

by different curves: black dashed: hv = 0.6, E0 = 0.6;

black dotted: hv = 0.6, E0 = 0.8; gray dot-dashed: hv = 1,

E0 = 0.4; gray dashed: hv = 1, E0 = 0.6; gray solid: hv = 1,

E0 = 0.8; Curves represented by symbols indicate

parameter combinations that give rise to alternative

equilibria when p ‡ 3: white diamond: hv = 0.2, E0 = 0.4;

black circle: hv = 0.2, E0 = 0.6; gray triangle: hv = 0.2,

E0 = 0.8. 3D plots illustrating changes in model behavior

associated with the full range of values considered for

each parameter are reported in the Supplementary

Material (Figure S4).

b
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bacher and others 2004; Schär and others 2004),

whereas precipitation was markedly lower than the

long-term mean (Rebetez and others 2006). In-

creases in water temperature represent a major

impact of heatwaves on relatively large lakes.

Accordingly, in summer 2003, exceptionally high

water temperatures were recorded in several large

European lakes, which also exhibited longer and

stronger stratification of the water column, en-

hanced hypolimnetic oxygen depletion, increased

internal nutrient loading, and blooms of

cyanobacteria (Jankowski and others 2006; Jöhnk

and others 2008; Wilhelm and Adrian 2008).

We observed a comparable increase in water

temperature in Lake Scuro (Figure 2), especially in

the epilimnion. However, the relatively small size

of the lake and associated watershed make the

system particularly susceptible to fluctuations in

water level, so that the extremely hot and dry

conditions in 2003 caused a drop in lake depth
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Figure 6. (A) PCA biplot of physico-chemical variables over the years. Gray circles and black diamonds illustrate the

partition of the time series into two groups of years as obtained by chronological clustering. Alk total alkalinity, EC electric

conductivity; other abbreviations as in Figure 2. (B) Time series of summer (Jun–Aug) averages of selected hydrochemical

variables. The vertical dashed line indicates the year 2003.
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Figure 7. (A) NMDS biplot showing changes in zooplankton community structure over the years. Gray circles and black

diamonds as in Figure 6. Only the most abundant rotifer and crustacean species are shown. Taxa abbreviations Asc, Asco-

morpha spp.; Asp, Asplanchna priodonta; Con, Conochilus gr. unicornis–hippocrepis; Kerc, Keratella cochlearis; Kerq, Keratella

quadrata; Plo, Ploesoma hudsoni; Pol, Polyarthra sp.; Syn, Synchaeta pectinata; Dap, Daphnia gr. longispina; Dia, Diaphanosoma

brachyurum; Eud, Eudiaptomus intermedius. Stress = 0.096. (B) Time series of annual average abundances of the main

raptorial rotifer taxa. The vertical dashed line indicates the year 2003.
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(Figures 3, S7). Reduced water depth, together

with an increase in solar irradiance due to lower

cloud cover (Jöhnk and others 2008; Maazouzi and

others 2008), is expected to increase the amount of

light reaching lake bottom (Figure 8). This was

confirmed by the unprecedented high bottom PAR

values in summer 2003 in Lake Scuro (Figure S2).

Enhanced light availability due to water level de-

crease most likely created favorable conditions for

the rapid spread of benthic vegetation (Blindow

1992; Van Geest and others 2007; Zhao and others

2012).

Water temperature probably had a minor influ-

ence, as temperature near the bottom was not

significantly higher in June–July 2003 compared to

other years (Figure S3). Confounding factors

affecting macrophyte growth, such as water color,

alkalinity, grazing pressure, nutrient input, and

substrate type, did not change over the years.

No benthic vegetation was observed before 2003

(Rossetti, pers. comm.), further corroborating the

extraordinary and abrupt nature of the massive

growth recorded in 2003. The lack of any sign of

macrophyte vegetative growth before 2003 leads to

two alternative hypotheses on the arrival of Nitella

in the lake. The macrophyte might have been

introduced in the lake for the first time in 2003 as a

result of a dispersal event coincident with the

heatwave. Conversely, the charophyte might have

already been present in the lake as sediment oos-

pores due to a previous colonization event. We

cannot rule out any of these hypotheses. However,

even if the arrival of the macrophyte was the result

of a coincident dispersal event, the confinement of

Nitella to depths less than 7 m after 2003 supports

the hypothesis that under average lake depth the

light regime is not suitable for extensive charo-

phyte growth, and the extreme hydrological con-

ditions recorded in 2003 most likely played a

crucial role in triggering the spread of the macro-

phyte across the whole lake bottom.

The hypothesis of the key role of light availability

is further supported by the Scheffer’s model

parameterized for Lake Scuro (Figure 5). Conclu-

sive evidence that makes it possible to distinguish

between alternative equilibria and simple nonlin-
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Figure 8. Conceptual model illustrating the main ecological mechanisms regulating the response of a small, stratifying

lake to an extreme climatic event (heatwave). Solid lines indicate processes that we observed in Lake Scuro, whereas dashed

lines represent mechanisms derived from the literature (see ‘‘Discussion‘‘ section). Signs represent positive (+) and negative

(-) effects, respectively.
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ear behavior requires, among others, accurate

estimates of model parameter values for the study

lake (Hansen and others 2013), which is beyond

the scope of this application. However, the model‘s

output allows for exploration of the regions of

parameter space where the system is likely to show

a certain type of discontinuous response.

Alternative equilibria typically arise in shallow,

eutrophic lakes, where vegetation-turbidity feed-

backs are strong (Van Nes and others 2002). In rel-

atively deeper, oligotrophic lakes, macrophytes

influence a smaller portion of the water column and

turbidity is less of a limiting factor to their growth

(Scheffer 1998). As a result, the slopes of the vege-

tation-turbidity nullclines are expected to decrease,

to a point where they only intersect once and no

hysteresis occurs (Scheffer 1990). Accordingly, the

model indicates the potential for Lake Scuro to ex-

hibit alternative equilibria only for unrealistically

low values of hV, which are typical of shallower,

more productive lakes (Van Nes and Scheffer 2005;

Van Geest and others 2007). In fact, although the

presence of the charophyte was associated with ex-

tremely low chlorophyll-a levels, we did not detect a

marked increase in water transparency, which is

relatively high in the lake even without benthic

vegetation (Figure 2). This suggests that a very high

vegetation percentage cover is needed to impact

water clarity in Lake Scuro—that is, hV is most likely

closer to the higher end of the 0.2–1 range—, and

that the increase in bottom light availability was

more likely a result of lowerwater level rather than a

positive feedback of vegetation on transparency.

Over the range of parameters applicable to Lake

Scuro (hV > 0.6 and E0 close to the long-term

summer average of 0.6 ± 0.1 m-1) the system may

exhibit an abrupt, nonlinear response, although

not involving alternative equilibria, and the model

confirms that an increase in critical light attenua-

tion (hE) due to a drop in water level comparable to

that occurred in 2003 may induce a shift to a

vegetation cover close to 100% (Figure 5a–b). Al-

though the gradual response predicted by the

model for p less than 3 (Figure 5c) is in contrast

with the rapid phase shift that took place in sum-

mer 2003, the agreement between our field

observations and model predictions when p is at

least 3 suggests that the heatwave-induced de-

crease in lake depth is a plausible explanation for

the observed concurrent ecosystem changes.

Because the lake does not seem to lie within a

range of parameter values for which alternative

equilibria exist, it is expected to switch back to an

unvegetated regime once average water levels are

restored and bottom light availability is reduced. The

persistence of Nitella at depths less than 7 m up to

nine years after the extreme event suggests that the

new regime, although probably not truly stable,

might behave like a ‘‘ghost’’ of a stable state by

slowing down the lake dynamics through positive

feedbacks that prevent the system from quickly set-

tling back to its previous regime (Scheffer and Car-

penter 2003; Van Geest and others 2007). We

observed the production of oospores by the charo-

phyte, a phenomenon that probably acts as a positive

feedback by creating a seed bank that increases

chances of population maintenance over time (Fig-

ure 8). Even if the lake will tend to shift back to an

unvegetated regime, the long transient phase and

the establishment of a seed bank are likely to facili-

tate future re-colonizations, thus lowering the

threshold to be crossed to trigger a new phase shift.

Consequences of the Shift Across Lake
Food Web

The massive development of benthic vegetation is

predicted to generate ecosystem-level cascading

effects triggered by ecosystem engineering and

ecological interactions (Figure 8).

One of the most striking consequences of the

charophyte take-over was the alteration of the

oxygen seasonal pattern. Despite strong stratifica-

tion of the water column, the persistence of oxygen

oversaturation throughout the summer was likely

due to high photosynthetic activity within the

macrophyte bed (Carpenter and Lodge 1986; Frodge

and others 1990). The oxygenation of deep hypoxic/

anoxic water layers has been shown to cause sub-

stantial changes in lake food webs, for example, by

increasing habitat quality and quantity for hypoxia-

intolerant taxa (Field and Prepas 1997; Arend and

others 2011) and by improving conditions for the

hatching of resting eggs (Gilbert and Schroeder

2004; Brown 2008).

Macrophytes also provide a structural function by

supplying surface area for epiphytic microalgae,

which contribute to oxygen production and repre-

sent a food source for plant-associated herbivores

(Kairesalo and others 1989; Jaschinski and others

2010; Blindow and others 2014). Such epiphytic

assemblages are often dominated by diatoms

(Kairesalo and others 1992; Hawes and Schwarz

1996). This might explain the marked decrease in

dissolved reactive silica observed in Lake Scuro, de-

spite the reduction in pelagic chlorophyll-a associ-

ated with the spread of the charophyte (Figure 2).

Low chlorophyll-a levels in summer 2003 sug-

gest the occurrence of strong bottom-up interac-

tions involving resource competition between
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benthic macroalgae and phytoplankton (Sønder-

gaard and Moss 1998) (Figure 8), as confirmed by

the exceptionally low concentrations of inorganic

nutrients (Figures 2, 6b). Macrophytes modulate

the availability of resources to phytoplankton by

taking up nutrients from the water column and by

regulating nutrient fluxes from the sediment

through several mechanisms, including preventing

re-suspension of nutrient-rich sediment particles

and modifying the sediment redox potential as a

result of oxygen production (Kufel and Kufel

2002). High oxygen concentrations at the sedi-

ment–water interface, such as those recorded in the

summer of 2003, may prevent release of iron-

bound phosphorus from the sediment and may

enhance losses of nitrogen from the system by

promoting coupled nitrification/denitrification

(Risgaard-Petersen and Jensen 1997; Søndergaard

and others 2003). Nutrients are then released

through decomposition upon plant senescence

(Landers 1982; Shilla and others 2006), which is in

agreement with the atypically delayed peak in

chlorophyll-a occurred during the Nitella decline

phase in September 2003. Macrophytes can also

inhibit microalgal growth through allelopathy, al-

though the relative importance of this mechanism

is debated (Van Donk and Van de Bund 2002;

Mulderij and others 2007; Rojo and others 2013).

The switch from pelagic to benthic control of pri-

mary production induced structural and functional

changes at higher trophic levels (Figures 7, S5b–c).

Nutrient depletion is expected to cause a shift in

phytoplankton size structure toward smaller size

classes, as smaller cells generally have higher scaled

nutrient affinity and thus competitive advantage

over larger cells under limiting resources (Kamenir

and Morabito 2009; Edwards and others 2012;

Barton and others 2013). Macrophyte-induced

decrease in phytoplankton quantity and quality

may have thus selectively impaired herbivore rap-

torial rotifers (Figure 7b), which feed on larger

particles and have higher food requirements than

microphagous ones (Pourriot 1977; Obertegger and

others 2011), with negative cascading effects on the

abundance of their rotifer predators.

Lower resource availability probably also exac-

erbated competitive interactions among filter-

feeding taxa, leading to changes in their seasonal

dynamics. Conochilus shifted its typical summer

peak to September (Figure S6), when the delayed

phytoplankton bloom and release from competi-

tion with summer herbivorous taxa allowed the

rotifer to become dominant. A similar pattern was

observed in Lake Washington, where a longer

growing season due to climate warming and sum-

mer resource depletion determined a shift of Con-

ochilus peaks toward autumn (Hampton 2005).

The lack of the typical phytoplankton summer

maximum could also explain the low abundances

of Eudiaptomus juveniles. Calanoid early ontoge-

netic stages have higher food requirements than

adults and represent a bottleneck for population

development (Hart 1996; Seebens and others

2007). Potential confounding factors can be ex-

cluded, as egg production after spring thaw was

similar to previous years, predatory pressure is ab-

sent, and water temperature in 2003 was not suf-

ficiently high to negatively affect Eudiaptomus

mortality (Herzig 1983; Jimenez-Melero 2005). The

development of an additional generation in au-

tumn (Figure S5c) was an exceptional event which

has been reported for other copepods as a result of

lake warming and prolongation of the growing

season (Gerten and Adrian 2002).

Increased water temperature is also expected to

have a positive effect on warm stenothermal taxa

(Figure 8). The re-appearance of the warm-water

cladoceran Diaphanosoma brachyurum in 2003 (Fig-

ure S5b) supports this hypothesis. The persistence

of its population years after the triggering event

further confirms the long-lasting nature of the

observed changes.

Previous work on macrophyte-phytoplankton

regime shifts in lakes mainly focused on shallow,

nonstratifying eutrophic systems. Our results indi-

cate that relatively deeper, oligotrophic lakes may

also exhibit abrupt and persistent ecosystem-level

reorganizations in response to an extreme climatic

event. Although the shift does not seem to involve

alternative stable states, the new regime appears to

possess feedback mechanisms that ensure the per-

sistence of some functional and structural changes

at multiple trophic levels long after the perturba-

tion.

A few caveats need to be taken into considera-

tion when interpreting these findings. Our obser-

vations are based on a single extreme event,

because no other comparable heatwaves occurred

in the area during the survey period. A similarly

intense heatwave hit Europe in July 2006, but that

event was centered at higher latitudes than the

2003 heatwave (Rebetez and others 2009), and

summer air temperatures in our study area did not

show marked anomalies in 2006 (Figure 1).

Extreme climatic events include highly diverse

phenomena, such as heatwaves, droughts, heavy

rainfall, storms, and floods (IPCC 2012). The nature

and magnitude of ecosystem responses can sub-

stantially vary according to the type of triggering

event and its timing, duration, abruptness, and
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spatial extent. For example, relatively rapid and

short-lived events, such as flood pulses and storms,

are hypothesized to affect ecosystem resistance and

resilience in a different way than events acting on a

comparatively longer and more gradual time scale,

such as heatwaves and droughts (Scheffer and

others 2001; Scheffer and Carpenter 2003; Jones

2013). Lake responses may also differ depending on

the relative strength of the impacts that distinct

climatic extremes exert on water quality, water

quantity, and/or the physical habitat (Jones 2013).

As a result of this large variability in the nature of

potential impacts, predicting lake ecosystem re-

sponses to different types of extreme climatic

events remains a critical scientific and management

challenge (Jentsch and Beierkuhnlein 2008; Smith

2011).

Finally, it is important to stress that the observa-

tional nature of our study prevents us from conclu-

sively discerningunivocal causal relationships among

the observed dynamics. The coupling of empirical

datawith amodeling approach helps in exploring the

most likely mechanisms underlying the observed

patterns. However, more research is needed that

combines long-term surveys with controlled experi-

mental approaches to confirmthe causalnatureof the

keyprocesses emerging fromfieldobservations and to

improve the parameterization and calibration of

explanatory and predictive models.

Despite these limitations, our findings are cor-

roborated by other studies recording similarly

abrupt ecological shifts in multiple aquatic ecosys-

tems in the area affected by the 2003 European

heatwave. For example, Van Geest and others

(2007) reported a significant increase in the

occurrence of shifts to a macrophyte-dominated

state among 70 Dutch floodplain lakes after a wide-

spread decrease in water level in summer 2003.

Abrupt shifts in the benthic communities of aquatic

systems have also been reported as a result of the

2003 heatwave (Mouthon and Daufresne 2006;

Daufresne and others 2007; Munari 2011).

Climatic extremes comparable to the 2003

European heatwave are predicted to increase in

frequency and intensity in several geographic re-

gions (IPCC 2012; Jones 2013), suggesting that

abrupt shifts similar to that reported in this and

other studies may become more common in the

near future.
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151:544–59.

DeYoung B, Barange M, Beaugrand G, Harris R, Perry RI, Scheffer

M, Werner F. 2008. Regime shifts in marine ecosystems: detec-

tion, prediction and management. Trends Ecol Evol 23:402–9.

Downing JA, Prairie YT, Cole JJ, Duarte CM, Tranvik LJ, Striegl

RG, McDowell WH, Kortelainen P, Caraco NF, Melack JM.

2006. The global abundance and size distribution of lakes,

ponds, and impoundments. Limnol Oceanogr 51:2388–97.

Edwards KF, Thomas MK, Klausmeier CA, Litchman E. 2012.

Allometric scaling and taxonomic variation in nutrient uti-

lization traits and maximum growth rate of phytoplankton.

Limnol Oceanogr 57:554–66.

Field KM, Prepas EE. 1997. Increased abundance and depth

distribution of pelagic crustacean zooplankton during

hypolimnetic oxygenation in a deep, eutrophic Alberta lake.

Can J Fish Aquat Sci 54:2146–56.

Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T, Gun-

derson L, Holling CS. 2004. Regime shifts, resilience, and

biodiversity in ecosystem management. Annu Rev Ecol Evol

Syst 35:557–81.

Frodge JD, Thomas GL, Pauley GB. 1990. Effects of canopy

formation by floating and submergent aquatic macrophytes

on the water quality of two shallow Pacific Northwest lakes.

Aquat Bot 38:231–48.

Gerten D, Adrian R. 2002. Species-specific changes in the phe-

nology and peak abundance of freshwater copepods in re-

sponse to warm summers. Freshw Biol 47:2163–73.

Gilbert JJ, Schroeder T. 2004. Rotifers from diapausing, fertilized

eggs: unique features and emergence. LimnolOceanogr 49:1341–

54.

Groffman PM, Baron JS, Blett T, Gold AJ, Goodman I, Gun-

derson LH, Levinson BM, Palmer MA, Paerl HW, Peterson GD,

Poff NL, Rejeski DW, Reynolds JF, Turner MG, Weathers KC,

Wiens J. 2006. Ecological thresholds: the key to successful

environmental management or an important concept with no

practical application? Ecosystems 9:1–13.

Hampton SE. 2005. Increased niche differentiation between two

Conochilus species over 33 years of climate change and food

web alteration. Limnol Oceanogr 50:421–6.

Hansen GJA, Ives AR, Vander Zanden MJ, Carpenter SR. 2013.

Are rapid transitions between invasive and native species

caused by alternative stable states, and does it matter? Ecology

94:2207–19.

Hare SR, Mantua NJ. 2000. Empirical evidence for North Pacific

regime shifts in 1977 and 1989. Prog Oceanogr 47:103–45.

Hart RC. 1996.Naupliar and copepodite growth and survival of two

freshwater calanoids at various food levels: demographic con-

trasts, similarities, and food needs. Limnol Oceanogr 41:648–58.

Hawes I, Schwarz AM. 1996. Epiphytes from a deep-water

characean meadow in an oligotrophic New Zealand lake:

species composition, biomass and photosynthesis. Freshw Biol

36:297–313.

Hazeu GW, Roupioz LFS, Perez-Soba M, Eds. 2010. Europe’s

ecological backbone: recognising the true value of our

mountains. Copenhagen, Denmark: European Environmental

Agency.

Herzig A. 1983. The ecological significance of the relationship

between temperature and duration of embryonic develop-

ment in planktonic freshwater copepods. Hydrobiologia

100:65–91.

IPCC. 2012. Managing the risks of extreme events and disasters

to advance climate change adaptation. A special report of

working groups I and II of the intergovernmental panel on

climate change. In: Field CB, Barros V, Stocker TF, Qin D,

Dokken DJ, Ebi KL, Mastrandrea MD, Mach KJ, Plattner G-K,

Allen SK, Tignor M, Midgley PM, Eds. Cambridge, UK, and

New York, NY, USA: Cambridge University Press

Jankowski T, Livingstone DM, Bührer H, Forster R, Nieder-

hauser P. 2006. Consequences of the 2003 European heat

wave for lake temperature profiles, thermal stability, and

hypolimnetic oxygen depletion: Implications for a warmer

world. Limnol Oceanogr 51:815–19.

Jaschinski S, Brepohl DC, Sommer U. 2010. The trophic

importance of epiphytic algae in a freshwater macrophyte

system (Potamogeton perfoliatus L.): stable isotope and fatty acid

analyses. Aquat Sci 73:91–101.

Jentsch A, Beierkuhnlein C. 2008. Research frontiers in climate

change: effects of extreme meteorological events on ecosys-

tems. Comptes Rendus-Geoscience 340:621–8.

Jentsch A, Kreyling J, Beierkuhnlein C. 2007. A new generation

of climate change experiments: events, not trends. Front Ecol

Environ 5:315–24.

Jimenez-Melero R. 2005. Embryonic and naupliar development

of Eudiaptomus gracilis and Eudiaptomus graciloides at different

temperatures: comments on individual variability. J Plankton

Res 27:1175–87.
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