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S| Materials and Methods

Paleolimnological Data. A literature search was conducted in April
2014 (17) and updated in June 2015 using the Institute for Sci-
entific Information Web of Science database and Google Scholar
with different combinations of the following keywords: “varve” and
“lake,” and “lamin” and “lake sediment.” The search yielded 148
relevant European lakes that contain laminated or varved sediments.
Descriptions and data on varved sites, sediments, and dating meth-
ods are available in a study by Jenny et al. (ref. 17 and the references
therein). The original chronologies were expressed in CE calendar
years. Laminated lacustrine sites had to satisfy several conditions to
be included in this synthesis. Accepted sites contained a varved or
well-preserved laminated sedimentary sequence and/or featured
a published age-model relying on varve counting and/or radiometric
dating, and the lakes’ sediment texture had to be explicitly described
or illustrated by pictures outlining the laminated intervals. The timing
of the first onset of hypoxia was obtained for each lake by examining
all relevant published varve data. Where time intervals could not be
dated precisely with the help of published data, corresponding au-
thors were contacted and asked for advice. The water depth for each
lake was collected and used to verify that lake level fluctuations
were not the cause of changes in preservation conditions of the
varves. Descriptions and data for lake sites were compiled in this
study (Table S1).

Land Use and Climate Data. Modern data and temporal changes in
land use and climate during the past 300 years were analyzed for
1,607 watersheds. Hydrological basins of each site were calculated
using the flow accumulation and flow direction rasters made
available from hydrological data and maps based on Shuttle Ele-
vation Derivatives at Multiple Scales (HydroSHEDS), together
with lake perimeters and areas using the GLWD from the World
Wildlife Foundation (38). The following variables were extracted
from modeled areas using the “Arc” geographic information system
(ArcGIS): (i) modern site characteristics, (u) past land use from CE
19002010 at decadal steps and with a 1-km? spatial resolution, and
(iit) past land use from CE 1700-2000 with centennial resolution.
Mean local temperatures; precipitations; population densities (65);
changes in urban cultivated, pastured, and forest areas (24); and past
human population densities (66) were extracted from modeled areas
for each watershed.

Multiple regression analyses were conducted to identify the
main drivers of hypoxia onsets. For each recently hypoxic lake
(n = 51), we created a binomial time series indicating whether the
first hypoxic event had occurred or not at each date of the land cover
data (i.e., CE 1700, 1800, 1900, 1910, ..., 2010). To test the relative
importance of the different land cover types, we then ran a logistic
GAMM using the binomial time series as the response variable; the
percentage of urban, cultivated, and pastured areas as fixed effect
explanatory variables; and lake identification as the random effect
(testing a random slope and intercept for each lake). To test further
whether the smooth term varied among lakes, we tested a random
smooth logistic GAMM, which allowed not only the slope to vary
among lakes but also the shape of the nonlinear relationship. All
GAMMs were fit using the bam function of the itsadug package
in R (67).

Nonparametric M-K tests for monotonic trends were used to
quantify trends of land use for each of the 1,607 watershed time series
within the past 300 years. This analysis was based on the Kendall rank
correlation coefficient and was conducted using the Kendall library
(68). A positive score shows a monotonically increasing trend,
whereas a negative value shows a monotonically decreasing trend
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(69). For each site, M-K tests were run for two time windows to
identify the potential effects of slow and fast land cover changes
on the hypoxia onset: We anticipated that fast changes in the land
cover would show an effect within a short period (+20 years)
centered on the time of the onset to be consistent with the un-
certainties of reconstructions, and that slow changes in the land
cover would show an effect over a longer period (~200 years)
preceding the onset of hypoxia to be consistent with the long-
term history and potential legacy effects of past land changes in
Europe.

Sl Text

Specific details on selected sites are described in Fig. S6 and
Table S2.

Lakes Geneva (Léman), Bourget, and Annecy are located in
the French and Swiss perialpine region and were intensively stud-
ied in the course of the program: Perturbation Impacts on Lake
Food Webs, a Palaco-Ecological Approach (IPERRETRO) of the
French National Research Agency (ANR) (2009-2013) (12, 35).
Within this program, volumes of hypoxic waters were reconstructed
and analyzed during the Anthropocene using limnological and
paleolimnological data (35, 46). The three lakes were selected be-
cause they share the same P enrichment history: although they were
oligotrophic at the end of the 19th century, all three lakes underwent
P enrichment as early as the 1920s, concomitant to the population
increase in urban areas (Fig. S6). At this time, these lakes received
untreated wastewaters from the growing cities of Geneva, Chambéry,
Aix-Les-Bains, and Annecy (Fig. S6). A shift to hypoxic conditions
occurred in CE 1933 + 1, CE 1950 + 1, and CE 1952 + 1 [in Bourget,
Geneva (Leman) and Annecy, respectively] in response to the un-
precedented rise in total P concentrations above 10 + 5 pg of P L™
Following this shift, hypoxia never disappeared, despite the fact that
the environmental policies implemented succeeded in drastically re-
ducing lake P concentrations: Observational data demonstrate that
mean total phosphorus (TP) values measured dunng winter mixing
have been successfully reduced to 6 He of P L™! in Annecy, 19 pg of
P L' in Geneva, and 17 pg of P L™" in Bourget (47).

Lake Alserio, a dimictic hard-water eutrophic lake, is located in
the Brlanza district near Lake Como in northern Italy (surface area
of 1.23 km? and maximum depth of 5.3 m). Beginning in the 1970s,
Lake Alserio was affected by elevated external P loads, which
resulted in high P concentrations in the water column (73). The
major P sources that affected the water quality and the trophic
status of the lake were domestic sewage (fluxes of P to the sedi-
ments = 1 96 Za™") and runoff (fluxes of P to the sediments =
0.75 gm 2a~ ) (73) Despite both the reduction of P in detergents
and the construction of a pipe conveying urban wastewater and
runoff to a treatment plant, the present external P load to the lake
is still high. The change from homogeneous sediment to a lami-
nated sequence appears to be linked to the eutrophication process
of Lake Alserio occurring since the 1960s (73).

Baldeggersee is located on the central Swiss Plateau, and is
characterized by a maximum depth of 66 m, a surface area of 5.2 km?,
and a water renewal time of 5.6 years. Owing to strong anthro-
pogenically driven nutrient enrichment of this site, Baldeggersee
has become hypertrophic, and complete oxygen depletion was
observed at water depths of 60 m at the beginning of this century
(55). Long-term changes in the watershed showed that growing
urbanization was concomitant with the onset of hypoxia in 1880s
(as inferred from the lake sediment record). The introduction of
treatment plants since 1967 and 1975 has successfully reduced
point sources of nutrients (55). Since 1982, bioturbation has prevented
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varve formation above 55 m of water depth due to the better oxygen
regimes at the water/sediment interface. However, below 55 m in
water depth, the mineralization of organic carbon is still causing ox-
ygen depletion that allows the formation and preservation of varves.

Lake Jyvésjarvi is located in central Finland (64°14'N, 25°47'E) and
has a surface area of 3.4 km” and a maximum depth of 27 m. The
town of Jyviskyla was established on the lakeshore in 1837 on the
northern bank of Lake Jyvésjirvi, and the lake received untreated
municipal wastewater from the town up until 1977 (74). Based on the
biological and chemical properties of the sediment strata, Merildinen
et al. (74) distinguished a phase of early changes in the lake ecosys-
tem from the 1870s to ca. the 1940s. This phase of early changes
corresponds well to the timing when varves first appeared (at the end
of the 1800s) and when the lake received untreated municipal
wastewater. Although the first plans for building a wastewater treat-
ment plant were prepared in the early 1930s, municipal wastewater
continued to be discharged into the lake in the untreated form until
1977. In recent years, this effluent loading has been reduced.

With a surface of 61.8 km” and a volume of 7.5 km’, Lake Iseo
(also known as Sebino) is the fourth largest Italian lake. The wa-
tershed includes 83 municipalities, 21 of which are on the shoreline,
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with a total population of about 180,000 inhabitants. The sources of
P in Lake Iseo are derived mainly from point sources (75). During
the 1960s, intensifying eutrophication processes and the corre-
sponding deterioration of water quality in northern Italy were be-
coming apparent, initially in lakes with low maximum depths (Lake
Varese and Lake Endine) and subsequently in the deep subalpine
lakes. During the same period, Lake Iseo became hypoxic, as
evidenced by the appearance of varved sediments.

Nylandssjon is located in northern Sweden (62°57'N, 18°17'E) and
is a dimictic, mesotrophic, circumneutral lake. The lake is charac-
terized by a surface area of 0.28 km? and a maximum depth of
17.5 m. The catchment (0.86 km?) is covered mainly by spruce
forest and, to a lesser extent, by arable land. Varves are evident in
deeper sediment layers of Nylandssjon, but their permanent for-
mation and preservation started at the beginning of the 20th cen-
tury because of cultural eutrophication (76). The major population
increase associated with wastewater release occurred at the end of
the 19th century in the region of Lake Nylandssjon [there was a
doubling in the number of inhabitants in the major town between CE
1850 and 1910 (Swedish population censuses, Statistikdatabasen),
which has since stabilized].
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Fig. S1. Distribution of modern land cover, climate, and geomorphological properties in the studied European watersheds: cultivated area, forested area, pastured area, mean annual precipitation, mean annual air
temperature, human population density, lake area, lake catchment size, and maximum lake water depth.
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Fig. S2. Box plots describing the contemporary proportions of cultivated and urban areas in lake watersheds. Recently hypoxic sites (n = 51) are shown in red,
naturally hypoxic sites (n = 97) are shown in blue, and benchmark watersheds (n = 769) are shown in green. Upper and lower population density limits
represent the first and third quartiles.
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Fig. $3. Three hundred-year trends for land cover in Europe based on an AMM, grouping watersheds according to their history of downstream lake hypoxia
or reference (Ref.) source. Land-cover values (63) were extracted from each modeled watershed (Materials and Methods). The increase in urban areas from CE
1700-2000 is significantly larger for watersheds with recently developed hypoxia (red solid line) than for watersheds with natural hypoxia (orange dashed line)
and benchmark watersheds (green and blue dashed lines). All model results are statistically significant at p < 0.0001. Gray bands indicate 95% confidence
intervals of the predicted means based on the AMM.
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Fig. S4. Changes in air temperature (t.) during the past 110 years. (A and B) Mean annual temperatures are presented for all recently hypoxic sites, naturally
hypoxic sites, and benchmark sites. Temperature anomalies have been extracted annually for each studied lake from the instrumental dataset of the University
of Delaware Air Temperature & Precipitation (UDEL) model (global data with a resolution of 0.5° x 0.5°). Color lines are fifth-order polynomial trends, and gray
lines are 95% confidence intervals. (A) Trends for each subgroup of lakes have been superimposed. In CE 2000, there is no significant difference in temperature
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(A) Regression tree of hypoxia onset for paleolimnological data. As a preliminary statistical assessment to describe the distribution of varves in
European lakes, the modern land use and climate data for each watershed were used as the forcing variables and the presence/absence of varves in lake
sediments was used as the response variable in a regression tree analysis using the rpart and the wrapper function “MVPARTwrap” (69) in R, v3.0.2
(R Foundation for Statistical Computing). Plots of the cross-validation results and pruning of the tree using the 1-SE rule (69) were used to select the best tree
and to avoid overfitting. (B) Specifically, we chose the complexity parameter associated with the smallest tree where the estimated error rate was within 1 SE of
the minimum error, and pruned the tree at this complexity parameter value. Several cross-validation runs were performed to verify that the final tree was not
atypical. We compiled data for numerous potential explanatory variables that have previously been shown to explain significant variation in hypoxia distri-
bution. In particular, the variables considered for the regression tree analysis included modern data on lakes, land use, climate, and human activities, as
described in Materials and Methods, Land Use and Climate Data. The distribution of hypoxic lakes was also compared with human population density and with
gross domestic product (GDP), serving as a potential factor affecting the P yields to lakes. We used a conservative variation inflation factor (VIF < 5) to isolate
independent (noncollinear) explanatory variables and eliminated collinear variables to improve interpretation of the regression trees. Explanatory variables
retained for the final regression tree included maximum lake depth, urban area, forest area, pastured area, lake surface area, precipitation, air temperature,
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Fig. S6. Specific details on perialpine Lakes Geneva (Leman), Bourget, and Annecy. Changes in land cover (Right) and human population (Left) are presented
for the three sites. (Right) Percentages of urban (blue curves with circles), cultivated (black curves with rectangles), and pastured (black triangles) areas are
presented. Periods with the hypoxic condition in lakes are highlighted in green. Urban area and population are growing at the time of the hypoxia onset,
whereas cultivated and pastured areas are decreasing.
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Examples of hypoxia onset in a subset of lake sediment cores used in this study, illustrating the appearance of laminated sediment on top of ho-

mogeneous sediment. The appearance of these sedimentary facies indicates that annual oxygenation conditions fell below a critical threshold in both duration
and concentration, hence recording the die-out of macrobenthos and the end of its related bioturbation. Specific details on those individual sites across Europe
are presented in S/ Text [De Vincent et al. (73); Jenny et al. (46); Renberg et al. (76); Jenny et al. (35); Merilianan et al. (74); Lotter et al. (55)].

Table S1. Descriptive statistics of lake and catchment properties
Benchmark, Lake
Recently hypoxic Naturally hypoxic Core Database Benchmark,
lakes (n = 51) lakes (n = 97) (n =769) GLWD (n = 690)

Parameters Mean  Min. Max. Mean Min. Max. Mean  Min. Max. Mean Min Max.
Altitude, m 511 25 2,445 494 21 2,826 438 0 3,028 317 1 2,550
Lake area, ha 60 0 582 7 0 290 25 0 5,650 21 0 1,856
Maximum depth, m 62 2 310 28 0 410 14 0 449 24 0 514
Catchment, km? 1,620 0 25972 524 0 22,523 253 0 47,375 1,725 0 556,923
Precipitation, mm-a~' 821 471 1,577 819 406 2,002 1,022 458 2,755 742 420 1,853
Urban area, % 8 0 100 5 0 100 3 0 100 2 0 98
Cultivated area, % 12 0 100 9 0 100 10 0 100 15 0 100
Forested area, % 38 0 929 52 0 100 34 0 100 50 0 100
Pastured area, % 27 0 82 24 0 100 42 0 100 20 0 100
Other land, % 6 0 100 7 0 100 8 0 100 2 0 97
Inhabitant per km? 183 0 1,530 77 0 1,504 108 0 8,537 69 1 3,527

Mean, minimum (Min.), and maximum (Max.) are reported for the four lake categories of this study: recently hypoxic lakes, naturally
hypoxic lakes, and two sets of benchmark lakes. Air temperatures are mean annual anomalies (°C).
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Table S3. Land cover trends for recently hypoxic, naturally hypoxic, and benchmark sites

Urban Cultivated Pastured Total
Hypoxicity T n T n T n N Period
Recently hypoxic +0.67 31 -0.29 40 -0.35 47 51 CE 1900-2010
Naturally hypoxic ~ +0.49 29 -0.18 52 -0.14 79 97
Benchmark +044 543  -0.14 674 -0.27 1,143 1,459
Recently hypoxic +0.92 24  +0.76 45  +0.22 45 51 CE 1700-2000
Naturally hypoxic +0.91 31 +0.73 78 +0.42 72 97
Benchmark +0.91 558 +0.70 1,270 +0.55 1,245 14,59

M-K test results are presented for recent (CE 1900-2010) and long-term (CE 1700-2000) periods. A positive score
(red) indicates an increasing trend. Decreasing trends are shown in blue.

Table S4. Interaction between external drivers and lake hypoxia onset

Sites recording increasing  Sites recording decreasing

trends trends Steady state Total
Area % n % n n n Timing
Urban area 71 27 3 1 10 38 At the moment of hypoxia
Cultivated area 29 1 61 23 4 38
Pastured area 21 8 74 28 2 38
Urban area 43 19 0 0 25 44 Before hypoxia
Cultivated area 95 42 2 1 1 44
Pastured area 80 35 20 9 0 44

Increasing or decreasing trends in land cover are presented for two time windows: at the moment of hypoxia onset (+20 years centered on the moment of
hypoxia onset) and before hypoxia onset (200 years preceding hypoxia onset). Numbers are color-coded to indicate when more than 40% of the sites showed
an increase (red) or a decrease (blue) in urban, cultivated, or pastured area. The M-K tests presented in Fig. S3 confirm the increasing trends in urban area at the
moment of hypoxia onset. Note that the urban area was generally increasing at the moment of hypoxia onset, whereas cultivated and pastured areas tended
to be decreasing.
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