Supplementary Information

Methods

Lake and watershed delineation

Although several global datasets of basin boundaries exist (Global Runoff Data Centre 2007,
Lehner et al. 2008; Revenga et al. 1998; Verdin 2011), a GIS routine procedure, based on global
elevation and hydrologic dataset, was used to generate all the ancient lakes drainage basins, some
of which are not included within those datasets. Lake basins of 22 lakes were automatically
generated from the flow accumulation data set from the Hydroshed data packages (Lehner et al.
2008, http://hydrosheds.cr.usgs.gov/) at 90 m spatial resolution. The Hydroshed dataset provides
seamless near-global coverage up to 60°N but excludes high latitude lakes. Therefore watersheds
for EI’'gygytgyn and Pingualuit Lakes were derived from the ASTER GDEM v2 digital terrain
model (Tachikawa et al. 2011) that covers the entire land surface of the Earth at 30 meters spatial
resolution. The Aral, Eyre, Van, Maracaibo and Caspian lakes have been already delineated and
included within the Hydroshed basin layer (spatial resolution of 300m). Catchment boundaries of
all 29 lakes were checked with reference to the available literature. Net watershed area was
calculated by subtracting the lake area from the total watershed. Watershed area (WA): lake area
(LA) ratios were calculated from these metrics. Watershed boundaries are available in
Supplemental Shapefile 1.

Watershed and airshed characteristics

Global datasets for gridded estimates of atmospheric deposition of total inorganic nitrogen (N),
NHx (NH3 and NH4+), and NOy (all oxidized forms of nitrogen other than N20), for the years
1860 and 1993 and projections for the year 2050, are available from Dentener (2006) and
Galloway et al. (2004). Due to the coarse resolution of 5 degrees longitude by 3.75 degrees
latitude, it was assumed that the pixel in the center of the lake represented mean deposition
within the lake airshed. Where lakes covered more than one pixel, we summed the fractions of
each pixel falling within the lake.

Human populations within each watershed were estimated using CIESIN-CIAT gridded dataset
(2005) available for the years 1990, 1995, and 2000, and projected to 2005, 2010, and 2015 (the
Gridded Population of the World (GPW), v3. was released in 2004). The population density was
calculated by dividing the total by net watershed area. To estimate the amount of nitrogen and
phosphorus annually excreted and egested by humans in the entire lake catchment we multiplied
total human numbers by standard corrections (humans release 12g N and 1.5 g P per person per
day) and by the number of days in one year. Rates of change in human density were assessed by
calculating the slope of a regression analysis of humans per year and dividing by the watershed
area.

Land cover classification within each watershed was obtained from CCI Land Cover Project
(2014, https://www.esa-landcover-cci.org/) which released a global land cover database at 300m
spatial resolution for three epochs centered on the year 2010 (2008-2012), 2005 (2003-2007) and
2000 (1998-2002). The CCI-LC nomenclature and legend are based on the UN Land Cover
Classification System (LCCS) (Di Gregorio, 2005). For further LC change analysis and
assessment, the 22 classes were further grouped into “crops” (classes 10, 20, 30), “forest” (12,



40, 50, 60, 61, 62, 70, 71, 72, 80, 81, 82, 90), “urban” (190) and “other” (11, 110, 120, 121, 122,
130, 140, 150, 152, 153, 160, 170, 180, 200, 201, 202, 220) (Table SI3).
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Table SI1: Global gridded estimates of atmospheric deposition of total inorganic nitrogen (mg N
km? yr1) to the ancient lakes in our set. Estimates for multiple years are shown, including: 1993,
back-casted estimates for the year 1860, projections for the year 2050, and differences between
these years. Data are from Dentener 2006.

Change Projected change

Code N1860 N1993 N2050 1860-1993  1993-2050

ARAL 22.6 129.0 176.9 106.3 47.9
BAIK 48.3 125.6 167.9 77.3 42.4
BIWA 814 894.8 1327.3 8134 432.5
BOSU 120.8 726.2 1343.9 605.4 617.8
CASP 61.0 381.0 634.8 320.0 253.8
ELGY 14.1 225 32.2 8.4 9.7
EYRE 12.3 39.2 53.0 26.9 13.8
HOVS 57.1 162.7 224.7 105.6 62.0
INLE 293.3 784.0 1815.6 490.7 1031.6
ISSY 47.4 246.4 340.6 199.1 94.2
KINN 31.1 496.9 1837.8 465.8 1340.9
LANA 50.6 301.9 606.4 251.3 304.6
MALA 98.4 602.8 986.6 504.4 383.8
MANI 45.0 149.5 159.9 104.5 10.4
MARA 48 523.6 1733.25 475.6 1209.7
MATA 59.4 282.1 470.8 222.7 188.7
OHRI 116.6 613.6 835.9 496.9 222.3
PING 9.8 28.6 35.2 18.8 6.6
POSO 59.4 282.1 470.8 222.7 188.7
POTR 18.7 73.6 217.0 54.9 143.4
PRES 116.6 613.6 835.9 496.9 222.3
TAHO 79.5 231.2 282.4 151.8 51.2
TANG 186.3 628.8 980.4 442.4 351.7
TITI 91.6 338.5 845.9 246.9 507.4
TULE 60.9 284.4 342.8 223.5 58.4
VALE 28.4 465.9 1743.4 4375 1277.5
VANL 76.5 535.8 1458.5 459.3 922.7
VICT 104.9 739.0 1647.3 634.0 908.3
ZAYS 29.4 135.9 218.5 106.5 82.6




Table SI2: Changes in land cover classes as a percent of the total catchment area 2000-2010
ranked in order of increasing change.

Crop cover Forest cover
Lake % change Lake % change
LANA -0.07 MATA -2.64
VALE -0.04 BOSU -1.91
ELGY 0.00 MANI -0.93
EYRE 0.00 POSO -0.51
KINN 0.00 TANG -0.44
MANI 0.00 ISSY -0.24
OHRI 0.00 INLE -0.18
PING 0.00 BAIK -0.17
POTR 0.00 VICT -0.16
PRES 0.00 MALA -0.13
TAHO 0.00 MARA -0.08
TITI 0.00 HOVS -0.05
TULE 0.00 CASP -0.04
VANL 0.00 ZAYS -0.03
ARAL 0.00 EYRE -0.01
BIWA 0.00 ARAL -0.01
ZAYS 0.02 BIWA 0.00
CASP 0.03 TITI 0.00
HOVS 0.04 ELGY 0.00
ISSY 0.07 KINN 0.00
BAIK 0.07 OHRI 0.00
MARA 0.08 PING 0.00
MALA 0.12 POTR 0.00
VICT 0.16 PRES 0.00
INLE 0.18 TAHO 0.00
TANG 0.39 VANL 0.00
POSO 0.51 VALE 0.05
MATA 1.86 LANA 0.07
BOSU 1.91 TULE 0.20




Table S13: CCI land cover classifications used.

Value Original Land Cover Class

Aggregated Class

0
10
11
12
20

30

40
50
60
61
62
70
71
72
80
81
82
90
100
110
120
121
122
130
140
150
152
153
160
170
180
190
200
201
202
210
220

No Data

Cropland, rainfed

Herbaceous cover

Tree or shrub cover

Cropland, irrigated or post-flooding

Mosaic cropland (>50%) / natural vegetation (tree, shrub,
herbaceous)

Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%)

Tree cover, broadleaved, evergreen, closed to open (>15%)
Tree cover, broadleaved, deciduous, closed to open (>15%)
Tree cover, broadleaved, deciduous, closed (>40%)

Tree cover, broadleaved, deciduous, open (15-40%)

Tree cover, needleleaved, evergreen, closed to open (>15%)
Tree cover, needleleaved, evergreen, closed (>40%)

Tree cover, needleleaved, evergreen, open (15-40%)

Tree cover, needleleaved, deciduous, closed to open (>15%)
Tree cover, needleleaved, deciduous, closed (>40%)

Tree cover, needleleaved, deciduous, open (15-40%)

Tree cover, mixed leaf type (broadleaved and needleleaved)
Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
Mosaic herbaceous cover (>50%) / tree and shrub (<50%)
Shrubland

Evergreen shrubland

Deciduous shrubland

Grassland

Lichens and mosses

Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
Sparse shrub (<15%)

Sparse herbaceous cover (<15%)

Tree cover, flooded, fresh or brakish water

Tree cover, flooded, saline water

Shrub or herbaceous cover, flooded, fresh/saline/brakish water

Urban areas

Bare areas

Consolidated bare areas
Unconsolidated bare areas
Water bodies

Permanent snow and ice

Crops
Other
Forest
Crops

Crops

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Other
Other
Other
Other
Other
Other
Other
Other
Other
Other
Other
Other
Urban
Other
Other
Other

Other




Table S14. Examples of peer-reviewed English-language literature reporting recent ecological change in ancient lakes. The summary is
non-exhaustive, limited to a maximum of three studies for each type of change and each lake.

Lake Climate Change Eutrophication Metals'& . Lake Level
Emerging Contaminants

(Ginzburg et al. 2004, (Watanabe et al. 1999; )
Caspian Sea Elguindi and Giorgi (Pourjomeh and Shokri | Agah et al. 2007; Hosseini (Olloz\n/zggr?cti ?(Ihi(r)1028612)

2006, 2007) 2016) et al. 2015) y
Lake
El'gygytgyn
Lake Hovsgol (Nandintsetseg et al.
(Khuvsgul) 2007) (Free et al. 2014)

(Gophen et al. 1999; (Erel et al. 2001,
(Rimmer et al. 2011a; b) | Hambright et al. 2001; | Blanchfield et al. 2012)
Orihel et al. 2013)

Lake Kinneret
(Sea of Galilee)

(Kadioglu et al. 1997) (YYarsan et al. 2000; Oguz | (Kilincaslan 2000; Deniz

Lake Van and Yeltekin 2014; and Yildiz 2007; Kaden et
Erenturk et al. 2014) al. 2010)
(Small et al. 2001; Khan (Cretaux et al. 2005;
Aral Sea et al. 2004; Kouraev et (Friedrich 2009) Boroffka et al. 2006;
al. 2004) Austin et al. 2007)
(Sl\r/lli?r?arlsait/a;'t 2?029609_ (Kucklick et al. 1993; (Colman 1998; Bychkov
Lake Baikal lzmest’eva et all 2011’) Tsydenova et al. 2004; and Nikitin 2015;
' Ciesielski et al. 2010) Dabaeva et al. 2016)
(Tsugeki et al. 2009, (Tsugeki et al. 2003; . .
Lake Biwa 2010; Yoshimizu et al. Hsieh et al. 2010, z(alllvlggoia#sﬁggt'tilljdgogg)
2010) 2011) ' ’ '




Lake

Climate Change

Eutrophication

Metals &
Emerging Contaminants

Lake Level

Lake Issyk-Kul

(Salamat et al. 2015)

(Guo et al. 2011; Salamat
et al. 2015)

Lake Valencia

(Jaffeé et al. 1993)

(Mogollon et al. 1996;
Lopez et al. 2000;
Gonzalez et al. 2013)

Lake Lanao

(Jose and Cruz 1999)

Inle Lake

(Akaishi et al. 2006)

(Sidle et al. 2007)

Lake Pingualuit

(Gantner et al. 2012)

Lake Bosumtwi

(Turner et al. 1996;
Shanahan et al. 2007)

(Adu-Kumi et al. 2010;
Poste et al. 2012)

Lake Eyre

(Williams 2002)

Manicouagan
Reservoir

Lake Maracaibo

(Morales et al. 20014;
b; Rivas et al. 2009)

(Mesa et al. 2007; Avila et
al. 2010)

Lake Matano

Lake Poso

Lake Potrok- (Haberzettl et al. 2005;
Aike Ohlendorf et al. 2013)
Lake Zaysan (Bai et al. 2012)

Lake Tule (Elbert and Anderson

1998)




Lake

Climate Change

Eutrophication

Metals &
Emerging Contaminants

Lake Level

Lake Victoria

(Lehman 1998; Marshall

et al. 2013; Ogutu-

(Hecky 1992; Kolding
et al. 2008; van Rijssel

(Campbell et al. 2003;
Henry and Kishimba 2006;

(Sutcliffe and Petersen
2007; Awange et al. 2008;

Ohwayo et al. 2016) et al. 2016) Oyo0-Okoth et al. 2010) Minakawa et al. 2008)
Lake (Tierney et al. 2010; (Langenberg et al. (Manirakiza et al. 2002; (Sturmbauer et al. 2001;
Tanaanvika Kraemer et al. 2015; 2003; Brion et al. 2006; | Campbell et al. 2008; Alin and Cohen 2003;
gany Cohen et al. 2016) Kelly et al. 2017) Conaway et al. 2012) Hassan and Jin 2014)
(Vollmer et al. 2005; , s (Ponchaut and Cazenave
Lake Malawi Castafieda et al. 2011; (Hecky et al. 2003; (Karlsson et al. 2000; Kidd 1998; Jury and

(Nyasa, Niassa)

Van Bocxlaer et al.
2012)

Gondwe et al. 2011;
Otu et al. 2011)

et al. 2003; Campbell et al.
2008)

Gwazantini 2002; Hassan
and Jin 2014)

Lake Titicaca

(Gammons et al. 2006;
Choque et al. 2013;
Monroy et al. 2014)

(Matzinger et al. 2007,

(Veljanoska-Sarafiloska et

(Popovska and Bonacci

Lake Ohrid (Matzinger et al. 2006; Schneider et al. 2014; al. 2011- Malai et al. 2012- 2007; Lindhorst et al.
(Ohridsko) Zhang et al. 2016) Trajanovska et al. Néziri et' al 20116) ' ' | 2010; Smiljkov et al.
2014) ' 2013)
(Loffler et al. 1998;
(Naumoski and Mitreski | (Mitreski and . Popovska and Bonacci
Lake Prespa 2009) Naumoski 2007) (Neziri et al. 2016) 2007; Radevski and Gorin
2014)
(Coats et al. 2006; (Goldman 1988; Jassby .
Lake Tahoe Winder et al. 2009; et al. 1995; Caires et al. (Datta et al. 1999; (Sahoo et al. 2013)

Sahoo et al. 2016)

2013)

Drevnick et al. 2010)




Table S14 (cont.). Examples of peer-reviewed English-language literature reporting recent ecological change in ancient lakes. The

summary is non-exhaustive, limited to a maximum of three studies for each type of change and each lake.

Lake Overfishing Non-native species Miscellaneous
(Daskalov and Mamedov 2007; (Finenko et al. 2006; Roohi et al.
Caspian Sea Ruban and Khodorevskaya 2011; | 2008; Bagheri et al. 2014) (Leonov and Chicherina 2009)

Mitrofanov and Mamilov 2015)

Lake El'gygytgyn

(Nolan and Brigham-Grette
2007)

Lake Hovsgol
(Khuvsgul)

(Sapozhnikov and Metreveli
2000)

Lake Kinneret
(Sea of Galilee)

(Walline et al. 1992; Bentuvia et
al. 1992; Gophen et al. 1999)

(Roll et al. 2007; Alster et al.
2010; Heller et al. 2014)

(Fazli et al. 2007)

Lake Van (Sari 2008) (Deniz and Yildiz 2007)
Aral Sea (Mitrofanov and Mamilov 2015) (Williams and Aladin 1991)
Kozhova and Izhboldina 1993; .
. . ' (Miyasaka et al. 2006; Jakob et
Lake Baikal (Matveyev and Samusenok 2015) | Hall and Mills 2000 al. 2016: Timoshkin et al. 2016)
Lake Biwa (Nishimori et al. 1992) (Shibata et al. 2011; Kuwahara

et al. 2012; Tsunoda et al. 2015)

Lake Issyk-Kul

(Alamanov and Mikkola 2011;
Mikkola 2012)

(Alamanov and Mikkola 2011;
Mikkola 2012)

Lake Valencia

Lake Lanao

(Ismail et al. 2014)

Inle Lake

Lake Pingualuit

Lake Bosumtwi




Lake

Overfishing

Non-native species

Miscellaneous

Lake Eyre

Manicouagan
Reservoir

Lake Maracaibo

Lake Matano

(Herder et al. 2012)

Lake Poso

Lake Potrok-Aike

Lake Zaysan

Lake Tule

Lake Victoria

(Goudswaard et al. 2002; Njiru et
al. 2007; Paterson and Chapman
2009)

(Ogutu-Ohwayo 1990;
Goldschmidt et al. 1993;
Kitchell et al. 1997)

(Knaap et al. 2014; McLean et al.

(Van Bocxlaer and Albrecht

Lake Tanganyika | 514 conen et al. 2016) 2015)
(Genner et al. 2008; Zidana et al.
Lake Malawi (Lowe-McConnell 1993; Weyl et | 2009;
(Nyasa, Niassa) al. 2010; Hara and Njaya 2016) Van Bocxlaer and Albrecht
2015)

Lake Titicaca

(Capriles et al. 2014)

(Villwock 1993; Albrecht et al.
2009)

Lake Ohrid
(Ohridsko)

(Kostoski et al. 2010)

(Cakic¢ et al. 2002; Kostoski et
al. 2010; Albrecht et al. 2014)

Lake Prespa

(Crivelli et al. 1997)

(Rosecchi et al. 1993; Crivelli et
al. 1997; Albrecht et al. 2012)

Lake Tahoe

(Chilton 2012; Wittmann et al.
2012; Hoyer et al. 2015)
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