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ecological shifts (Frank and Esper 2005b); and (v)
methodological uncertainty in the detrending and cali-
bration techniques performed (Cook and Kairiukstis
1990).

It seems interesting, however, that the observed de-
coupling between proxy and target data coincides with
the timing of homogenization changes applied to the
instrumental temperature data (warming before !1840
and after !1960, with cooling in between), with meteo-
rological observations generally providing higher qual-
ity during the late twentieth century (A06; Böhm et al.
2001). Figure 5 denotes the decoupling between
(warmer) early instrumental and (cooler) proxy data
particularly before 1818, which could be affected by the

less replicated, more error prone, and therefore more
intensively homogenized early measurements, gener-
ally recorded by urban stations (Böhm et al. 2001). Al-
though central Europe sets the standard for instrumen-
tal measurements (Jones and Moberg 2003), quality
and quantity of early observations—16 (36) stations
within the GAR provide data prior to 1800 (1850)—are
incomparable with the modern network (Jones et al.
1997). The annual rate, magnitude, and frequency dis-
tribution of measured outliers increase before !1840
(A06). Compared to the twentieth century, this early
observational period is characterized by a slight vari-
ance increase, likely related to nonsystematic meteoro-
logical measurements composed of short sequences of

FIG. 6. (a) Alpine summer temperature reconstruction with the orange and blue boxes denoting the 10 warmest and coldest decades,
respectively, and the smoothed red line being a 20-yr low-pass filter. Temperatures are expressed as anomalies w.r.t. 1901–2000.
(b) High-frequency comparison between the MXD (red; this study) and RW (blue; Büntgen et al. 2005a) RCS chronologies. Records
were normalized over the 951–2002 common period. The 51-yr moving correlations (black) indicate their temporal relationship, with
the horizontal line denoting the 95% significance level, corrected for lag-1 autocorrelation (Trenberth 1984). (c) Length fluctuation (m)
and 50-yr average mass balance (gray) of the Great Aletsch glacier (Haeberli and Holzhauser 2003).
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incomparable with the modern network (Jones et al.
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(A06). Compared to the twentieth century, this early
observational period is characterized by a slight vari-
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logical measurements composed of short sequences of

FIG. 6. (a) Alpine summer temperature reconstruction with the orange and blue boxes denoting the 10 warmest and coldest decades,
respectively, and the smoothed red line being a 20-yr low-pass filter. Temperatures are expressed as anomalies w.r.t. 1901–2000.
(b) High-frequency comparison between the MXD (red; this study) and RW (blue; Büntgen et al. 2005a) RCS chronologies. Records
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Tacit hypothesis: ecosystems vulnerability to
climate fluctuations have been constant and
independent from local human disturbances
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Introduction

1) Local human impacts reduce ecosystem
resilience (Gallopin, 2006; Adger, 2006; Mumby et
al., 2014; e.g. Perga et al., 2015)

Tacit hypothesis: ecosystems vulnerability to
climate fluctuations have been constant and
independent from local human disturbances
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Introduction

1) Local human impacts reduce ecosystem
resilience (Gallopin, 2006; Adger, 2006; Mumby et
al., 2014; e.g. Perga et al., 2015)

2) Ecosystems can respond in a non-linear way
to perturbations (i.e. regime shift trajectory)
(Andersen et al., 2009; Scheffer et al., 2003)

random fluctuation. Statistical hypothesis testing aims at
limiting this possibility to a predetermined fixed value,
typically a significance level of 5%. If the time of the
threshold event is known (e.g. introduction of an invasive
species, change in management practice, deforestation
event), the significance probability of the regime shift under
a null hypothesis of no change can be analyzed using inter-
vention methods from standard statistical textbooks [36].
Although originally aimed at testing for a shift in a time
series following a particular action, intervention analysis
has also been applied to data where the change-point was
not known a priori but hypothesized following exploratory
data analysis [37]. Classical intervention analysis cannot be
used for situations with the change-point occurring at an a
priori unknown time. This calls for sequential tests where
the existence of a regime shift is tested for at every point in
time, and which must be characterized by higher critical
values of the test statistic than in classical statistical
methods (cf. Box 2) owing to the so-called type I error (false
positive) inflation in multiple tests. The underlying prin-
ciple of the sequential methods is to compare a test statistic
with its distribution under the null hypothesis. Critical
values at different significance levels are tabularized for

regularly observed data points, typically time series [38],
whereas critical values for irregularly spaced observations
must be calculated case by case and therefore can be com-
putationally costly, but the continuous increase in comput-
ing power has greatly alleviated this constraint. Sequential
test methods have mainly been developed for univariate
time series, particularlywithin econometrics [17,39] (Box 3)
and climate research [40,41] (Box 3).

Themost commonly investigated regime shift hypothesis
is a step change inmean level using parametric [40,42,43] or
nonparametric [44] methods. Regime shift detection
methods involving changing variance, shift in the frequen-
cies of fluctuations or even simultaneous interrelated shifts
in several ecosystem components at a particular point have
also been proposed [45], but their application to practical
data analysis has so far been limited. The computational
burden increases exponentially with the number of change-
points in the data set [17]. Whereas methods intended for
identifying only single thresholds can also be employed in
individual subsets separated by a significant change-point
in a hierarchical fashion [46], this will normally be less
efficient than a dynamic programming approach [39]. As
the goodness of fitwill generally increasewith thenumber of

Figure 1. Three scenarios for regime shifts. Illustration of differences between regime shifts resulting from (a) smooth pressure–status relationships, (b) threshold-like state
responses and (c) bistable systems with hysteresis. The two top rows of graphs show time series of driver (e.g. nutrient inputs) and ecosystem state (e.g. phytoplankton
biomass), and the lower row of graphs shows the relationship between the driver and ecosystem state. (a) Regime shift in driver linearly mediated to the ecosystem state.
Jumps appear only in the time series. (b) Regime shift in ecosystem state after driver exceeds a threshold. This is manifested through a jump in the time series of the
ecosystem state. (c) The hysteresis loop linking the ecosystem state to the environmental driver results in jumps between two alternative states when the driver is first
slowly increased and then decreased again. Figure inspired by Ref. [52].

Review Trends in Ecology and Evolution Vol.24 No.1
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Tacit hypothesis: ecosystems vulnerability to
climate fluctuations have been constant and
independent from local human disturbances
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to perturbations (i.e. regime shift trajectory)
(Andersen et al., 2009; Scheffer et al., 2003)

3) There is a recovery debt for ecosystems even
years after they have been restore (Moreno-
Mateos et al., 2017)
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Few ecosystems on Earth are undisturbed by people1 and
many degraded ecosystems are in the process of recovering
worldwide2–4. Although in most cases the recovery process

is without human intervention, societies spend billions of
dollars annually to restore ecosystems5–7. Supporting recovery
without intervention and repairing disturbed ecosystems are
crucial to regain lost biodiversity, ecosystem functions and
services provided to society8–10. Assessments of anthropogenic
disturbances have shown global losses11 in biodiversity,
whereas the disturbance is still active and time lags exist in its
response12,13 (Fig. 1). However, as ecosystems recover after the
disturbance ceases, it is less clear to what extent they continue to
endure deficits in biodiversity and functionality.

Here we quantify the interim reduction of biodiversity and
biogeochemical functions occurring during ecosystem recovery,
which we call the ‘recovery debt’. This metric measures the per
annum amount that an ecosystem function or biodiversity is
reduced during the recovery process after disturbance ceases
(Fig. 1). The recovery debt is a useful indicator of the magnitude
of ecosystem degradation, because even if ecosystems eventually
recover their biodiversity and functions, there may be a long
period of time until complete recovery is achieved. During the
recovery debt period, shortfalls in biodiversity and ecosystem
functionality will affect the quantity and quality of ecosystem
services provided by the recovering systems.

Results
Meta-analysis descriptors. We found data from 3,035 sampling
plots from 348 published primary studies covering a total study
area 4550,000 km2 (Supplementary Figs 1 and 2, Supplementary
References and Supplementary Table 1). Data collection was
restricted to six major ecosystem categories (forests, grasslands,
wetlands, rivers, lakes and marine ecosystems), eight anthro-
pogenic disturbance categories (agricultural transformation,
logging, mining, invasive species, eutrophication, hydrological
disruption, overfishing and oil spills or combinations of them)
and four recovery metrics (organism abundance, species richness,
carbon cycling and nitrogen cycling). We also included hurri-
canes as an example of a natural disturbance for reference.

The outcome measures in the database related to the recovery
metric ‘organism abundance’ included measurements of density,

biomass, cover and basal area of trees, shrubs, grasses and algae,
and measurements of density of birds, fish and invertebrates. The
outcome measures related to the recovery metric ‘diversity’
included mainly measurements of species richness and diversity
indexes, such as Shannon, Simpson and evenness indexes.
Biogeochemical outcome measures related to the cycling of
carbon and nitrogen contain both pools and fluxes of these
elements in soil, litter and the water column. We amassed 3,816
outcome measures for which two measures of recovery were
collected over time and compared with a reference value. The
reference value was taken from either the same ecosystem before
degradation occurred or a nearby comparable ecosystem that was
undisturbed.

Recovery debt estimations. A per annum recovery debt was
found in all the categories in which data were available (Fig. 2).
We found that ecosystems undergoing recovery had about half of
abundance (46–51%, 95% confidence intervals of the mean effect
size) and one-third of species diversity (27–33%) compared with
reference values (Fig. 2a), over 22 and 16 years (average time
since recovery started), respectively, following a disturbance. This
pattern was markedly consistent across ecosystem categories,
which did not show strong moderating effects on our models
except for the abundance debt (Supplementary Table 2). How-
ever, we did find strong moderating effects in the disturbance
categories studied (Fig. 2b). These results were not affected by the
organism type (Supplementary Figs 3 and 4).

Carbon and nitrogen debts (32–42% and 31–41%, respectively)
did not differ after 24 and 14 years of recovery, respectively.
Ecosystems affected by eutrophication showed the highest
organism abundance debts (52–63%; Fig. 2b) and nitrogen debts
(35–51%) after 29 and 6 years, respectively. Formerly mined sites
showed the highest diversity (32–45%) and carbon (39–62%)
debts after 11 years (Fig. 2d). In ecosystems recovering from
hurricanes, we found the lowest diversity, carbon and nitrogen
debts after only two to seven years of recovery.

Discussion
The consistent decrease in diversity and abundance found in
recovering ecosystems may, at first glance, contrast with other
studies showing that a-diversity does not change through
time14,15. However, our recovery metric ‘diversity’ includes
other diversity measurements that account for differences in
abundance, which could be responsible for this contrast.
Nonetheless, our results agree with the worst scenarios
estimated for the effects of land-use change on local species
richness of plants and animals11, and with the reanalysis of
references14,15, showing that spatial and temporal biases in these
meta-analysis do not support a no net change of a-diversity16.
This highlights that species assemblages could be more resilient to
anthropogenic disturbance than populations, even when most
individuals are lost.

Although nitrogen recovery debts could be expected to be
lower than carbon debts because of faster turnover rates of
nitrogen10,17, our results suggest similar impacts of
anthropogenic disturbances in the cycling of both elements.
This adds evidence to other large-scale recovery estimations that
found similar recovery patterns for the cycling of carbon and
nitrogen18,19. Our results also suggests that mining and water
pollution, caused by agriculture and urban uses, could be not only
major drivers of biodiversity, and ecosystem function and service
loss20,21, but also major drivers preventing their recovery. The
fact that hurricanes were responsible for the lowest recovery debts
suggests that the negative effects of anthropogenic disturbances
could cause more pervasive damage than some natural
disturbances.
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Figure 1 | Measurement of the recovery debt. The light shading represents
the total amount that an indicator of ecosystem integrity (outcome
measure, for example, biodiversity or an ecosystem function) is reduced
during recovery after a disturbance ceases, that is, the recovery debt. The
dark shading represents our estimation of the recovery debt between the
time when the measurement of the outcome measure started (Ys, ts) and
when the measurement ended (Ye, te). The dashed line (Yr) represents the
reference goal value existing in the pre-disturbance state or in another
ecosystem with similar conditions that remained ‘undisturbed’.
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1) Local human impacts reduce ecosystem
resilience (Gallopin, 2006; Adger, 2006; Mumby et
al., 2014; e.g. Perga et al., 2015)

2) Ecosystems can respond in a non-linear way
to perturbations (i.e. regime shift trajectory)
(Andersen et al., 2009; Scheffer et al., 2003)

3) There is a recovery debt for ecosystems even
years after they have been restore (Moreno-
Mateos et al., 2017)

Has local human impact increased ecosystem vulnerability to climate variability?

Local human pressures, by rearranging both the
horizontal and vertical diversity of ecosystems,
may have modified their resistance, resilience
and therefore vulnerability to successive
perturbations since entering the Anthropocene.

H1Ecological vulnerability to climate variability
was constant over time: by looking at the
pre-Anthropocene period, we could
understand which relationship exists between
climate variability and ecosystem response.

H0
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• Good local climatic data (beware of the offsets in
the reconstruction e.g. Guiot et al., 2010)

Since the GAR background climate is best captured by
the high-elevation grid, and ideally preserved in the
!1500 m asl tree-ring proxy data, these measurements
are used for calibration. Low-elevation instrumental
data back to 1760 are used for extra verification, and to
address potential limitations in estimating the long-
term temperature amplitude over the past millennium.
Temperatures are expressed as anomalies from the
twentieth-century mean (1901–2000).

A precipitation grid, similar to the low-elevation
temperature dataset, covers the 1800–2003 period
(Auer et al. 2005). The more clustered precipitation
patterns within the GAR are expressed by a slightly
lower grid box intercorrelation of 0.68, calculated for
JJAS sums. Both the temperature and precipitation
grids are used to assess the climatic signal preserved in
the MXD chronology.

3. Methods

a. LBM correction

When analyzing the tree-ring data, negative MXD
outliers induced by 8–9-yr cyclic larch budmoth (LBM)

mass outbreaks were detected (EBFNL). The reason
for these outliers is the defoliation of larch trees by
LBM larvae during cyclic population peaks (Baltens-
weiler and Rubli 1999), causing exceptionally low
MXD values (Schweingruber 1979). These patterns
were used to detail a history of the frequency and mag-
nitude of LBM population dynamics over the past mil-
lennium (EBFNL). For the current study, LBM effects
are regarded as noise and removed from the MXD
data, that is, 4649 LBM-affected tree rings were deleted
and replaced with statistical estimates derived from the
remaining, unaffected rings. In detail, this gap-filling
procedure, for each year, comprises (i) averaging the
MXD values of the remaining rings, (ii) adjusting the
variance of the mean values of unaffected rings to the
variance of the measurement series from which the ring
was removed, (iii) replacing the gap with the variance-
adjusted values obtained from unaffected rings, and
(iv) calculating a mean chronology from the gap-filled
single measurement series. Spectral analysis (Mann and
Lees 1996; Percival and Walden 1993) using the multi-
taper method (MTM; Thomson 1982) was used to as-
sess the power spectrum before and after LBM correc-

FIG. 1. Location of the four MXD tree-ring sites (red dots, bold) within the Swiss Alps, and the additional Alpine RW sites (red
circles, italic) used by Büntgen et al. (2005a).
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methodological uncertainty in the detrending and cali-
bration techniques performed (Cook and Kairiukstis
1990).

It seems interesting, however, that the observed de-
coupling between proxy and target data coincides with
the timing of homogenization changes applied to the
instrumental temperature data (warming before !1840
and after !1960, with cooling in between), with meteo-
rological observations generally providing higher qual-
ity during the late twentieth century (A06; Böhm et al.
2001). Figure 5 denotes the decoupling between
(warmer) early instrumental and (cooler) proxy data
particularly before 1818, which could be affected by the

less replicated, more error prone, and therefore more
intensively homogenized early measurements, gener-
ally recorded by urban stations (Böhm et al. 2001). Al-
though central Europe sets the standard for instrumen-
tal measurements (Jones and Moberg 2003), quality
and quantity of early observations—16 (36) stations
within the GAR provide data prior to 1800 (1850)—are
incomparable with the modern network (Jones et al.
1997). The annual rate, magnitude, and frequency dis-
tribution of measured outliers increase before !1840
(A06). Compared to the twentieth century, this early
observational period is characterized by a slight vari-
ance increase, likely related to nonsystematic meteoro-
logical measurements composed of short sequences of

FIG. 6. (a) Alpine summer temperature reconstruction with the orange and blue boxes denoting the 10 warmest and coldest decades,
respectively, and the smoothed red line being a 20-yr low-pass filter. Temperatures are expressed as anomalies w.r.t. 1901–2000.
(b) High-frequency comparison between the MXD (red; this study) and RW (blue; Büntgen et al. 2005a) RCS chronologies. Records
were normalized over the 951–2002 common period. The 51-yr moving correlations (black) indicate their temporal relationship, with
the horizontal line denoting the 95% significance level, corrected for lag-1 autocorrelation (Trenberth 1984). (c) Length fluctuation (m)
and 50-yr average mass balance (gray) of the Great Aletsch glacier (Haeberli and Holzhauser 2003).
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• Summer Air Temperature reconstructed by Buntgen
et al., 2006
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Composite core
(this study)

Fig 1. Diatoms in lake sediment © Swedish
Research Council

Diatoms Local forcing: diatom-inferred total phosphorus (DI-TP) 



Fig 3. Identification of subfossils
remains to the specie level
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Strategy

Composite core
(this study)

Fig 2. Cladoceran subfossilsFig 1. Diatoms in lake sediment © Swedish
Research Council

Diatoms Local forcing: diatom-inferred total phosphorus (DI-TP) 

Cladocera

Response:
Reconstitution of cladoceran communities: one of the most well represented group of
aquatic invertebrates leaving subfossil remains in sediment.
Fragments of individuals exosquette allow identification to the specie level most of the
time. Identification of a representative number of remains allows the reconstitution of the
community at a specific time, giving information on ecological niches.
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Local human pressures, by rearranging both the
horizontal and vertical diversity of ecosystems,
may have modified their resistance, resilience
and therefore vulnerability to successive
perturbations since entering the Anthropocene.

H1Ecological vulnerability to climate variability
was constant over time: by looking at the
pre-Anthropocene period, we could
understand which relationship exists between
climate variability and ecosystem response.

H0

Climate

Lake ecological 
responses
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activities
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Climate

Lake ecological 
responses

Human 
activities

Local human pressures, by rearranging both the
horizontal and vertical diversity of ecosystems,
may have modified their resistance, resilience
and therefore vulnerability to successive
perturbations since entering the Anthropocene.

H1Ecological vulnerability to climate variability
was constant over time: by looking at the
pre-Anthropocene period, we could
understand which relationship exists between
climate variability and ecosystem response.

H0

Climate

Lake ecological 
responses

Human 
activities

Lake ecological responses = f(climatic forcing + local forcing)Lake ecological responses = f(climatic forcing)

Model
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• 1960s: eutrophication
• 1980s: Climatic regime-shift (Woolway et al., 2017)
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Results

Model Method: Dataset cut in two: <1934 and >1937
Question: Are SAT anomalies significant drivers of the assemblage?[ ]



Year

SA
T 

An
om

al
ie

s 
(°

C
)

−3
−1

0
1

2
3

800 1000 1200 1400 1600 1800 2000
Year (C.E.)

a

Year (C.E.)

800 1000 1200 1400 1600 1800 2000

0
20

40
60

80
D

I−
TP

 (µ
g/

l)

b

e

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

SAT Anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

755 − 1934

600 800 1000 1200 1400 1600 1800 2000
Year (C.E.)

PCA1
1952

PCA2
1934 1981

c

d

f

561 962 1106 1311 1644 1934 1970 1989 2003

Year (C.E.)

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

−1 0 1 2

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

SAT Anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

●●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●
●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

1937 − 2010

SAT anomalies (°C)SAT anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

Ec
os

ys
te

m
 s

ta
te

As
se

m
bl

ag
e 

(%
)

DI
-T

P 
(µ

gP
.l-

1 )SA
T 

an
om

al
ie

s 
(°C

)

Year (C.E) Year (C.E)

Year (C.E)   
Year (C.E)

0

25

50

75

100

500 1000 1500 2000

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

0

25

50

75

100

500 1000 1500 2000

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

0

25

50

75

100

1920 1950 1980 2010

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
B. longismanus
Leptodora kindti
Sida limnetica

a

b

e

c

d

f

C
lim

at
e 

dr
iv

en
 c

ha
ng

es

C
lim

at
e 

dr
iv

en
 c

ha
ng

es

.11

Results

Model Method: Dataset cut in two: <1934 and >1937
Question: Are SAT anomalies significant drivers of the assemblage?[ ]



Year

SA
T 

An
om

al
ie

s 
(°

C
)

−3
−1

0
1

2
3

800 1000 1200 1400 1600 1800 2000
Year (C.E.)

a

Year (C.E.)

800 1000 1200 1400 1600 1800 2000

0
20

40
60

80
D

I−
TP

 (µ
g/

l)

b

e

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

SAT Anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

755 − 1934

600 800 1000 1200 1400 1600 1800 2000
Year (C.E.)

PCA1
1952

PCA2
1934 1981

c

d

f

561 962 1106 1311 1644 1934 1970 1989 2003

Year (C.E.)

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

−1 0 1 2

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

SAT Anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

●●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●
●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

1937 − 2010

SAT anomalies (°C)SAT anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

Ec
os

ys
te

m
 s

ta
te

As
se

m
bl

ag
e 

(%
)

DI
-T

P 
(µ

gP
.l-

1 )SA
T 

an
om

al
ie

s 
(°C

)

Year (C.E) Year (C.E)

Year (C.E)   
Year (C.E)

0

25

50

75

100

500 1000 1500 2000

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

0

25

50

75

100

500 1000 1500 2000

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

0

25

50

75

100

1920 1950 1980 2010

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
B. longismanus
Leptodora kindti
Sida limnetica

a

b

e

c

d

f

C
lim

at
e 

dr
iv

en
 c

ha
ng

es

C
lim

at
e 

dr
iv

en
 c

ha
ng

es

.11

Results

Model Method: Dataset cut in two: <1934 and >1937
Question: Are SAT anomalies significant drivers of the assemblage?[ ]
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Climate

Lake ecological responses

Human 
activities Climate

Lake ecological responses

Human 
activities

Before 1934 (the 1st restructuration in the
assemblage), Lake Geneva ecological
communities were resilient to climate variability.

Since 1937, a relationship could be
established between Lake Geneva
ecological responses and climate variability.

Results
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Scenario 1
There is an air temperature above which Lake
Geneva cladoceran communities would have
responded anyway (IPCC recommendations would need
to be done by ecosystem??)

Conclusions

Year

SA
T 

An
om

al
ie

s 
(°

C
)

−3
−1

0
1

2
3

800 1000 1200 1400 1600 1800 2000
Year (C.E.)

a

Year (C.E.)

800 1000 1200 1400 1600 1800 2000
0

20
40

60
80

D
I−

TP
 (µ

g/
l)

b

e

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

SAT Anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

755 − 1934

600 800 1000 1200 1400 1600 1800 2000
Year (C.E.)

PCA1
1952

PCA2
1934 1981

c

d

f

561 962 1106 1311 1644 1934 1970 1989 2003

Year (C.E.)

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

−1 0 1 2

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

SAT Anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

●●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●
●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

1937 − 2010

SAT anomalies (°C)SAT anomalies (°C)

Ec
os

ys
te

m
 s

ta
te

Ec
os

ys
te

m
 s

ta
te

A
ss

em
bl

ag
e 

(%
)

D
I-T

P 
(µ

gP
.l-

1 )SA
T 

an
om

al
ie

s 
(°

C
)

Year (C.E) Year (C.E)

Year (C.E)   
Year (C.E)

0

25

50

75

100

500 1000 1500 2000

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

0

25

50

75

100

500 1000 1500 2000

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
Bythotrephes longismanus
Leptodora kindti
Sida limnetica

0

25

50

75

100

1920 1950 1980 2010

Pe
rc

en
ta

ge
 o

f t
he

 a
ss

em
bl

ag
eSpecies

Daphnia spp.
E. longispina
E. coregoni
B. longirostris
Chydoridae
B. longismanus
Leptodora kindti
Sida limnetica

a

b

e

c

d

f

Year (C.E)

Year (C.E)

SA
T 

an
om

al
ie

s 
(°

C)

DI
-T

P 
(µ

gP
.l-1

)

Scenario 2
Local human impact made Lake Geneva less resilient
to climate variability è Management implications.
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Conclusions

Scenario 1
There is an air temperature above which Lake
Geneva cladoceran communities would have
responded anyway (IPCC recommendations would need
to be done by ecosystem??)
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Scenario 1
There is an air temperature above which Lake
Geneva cladoceran communities would have
responded anyway (IPCC recommendations would need
to be done by ecosystem??)
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Threshold is relevant for Artic lakes (Arp et al., 2016), but Lake
Geneva was never dimictic (Forel, 1892).



Scenario 2
Local human impact made Lake Geneva less resilient
to climate variability è Management implications.
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Conclusions



Scenario 2
Local human impact made Lake Geneva less resilient
to climate variability è Management implications.
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Conclusions

- Lake Żabińskie,	Poland	(Hernández-Almeida et al., 2017) è 1600 AD
- Lake Bourget, France (Capo et al., 2016) è 1950s
- Lake Garda, Italy (Milan et al., 2016) è 1960s
- Lake Varese, Italy (Bruel et al., in prep) è 1920s
- Lake Geneva, CH/FR (Bruel et al., in prep) è 1930s

Vs.

very slow processes and 
small variability (driven by 

natural processes) 

new alternative state 
with very high variability 
and unstable conditions
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Conclusions

Ecologists: ecosystems may respond to forcings in a non linear way i.e. display
≠ vulnerability over time

Paleoscientists: worth having a better time-resolution and account for internal
processes when studying ecosystems responses

Vs.

very slow processes and 
small variability (driven by 

natural processes) 

new alternative state 
with very high variability 
and unstable conditions
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