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Supplementary Methods 

Data and model inputs associated with fisheries. We obtained data associated with fisheries 

including annual statistics or estimates for total fish catch, fishing effort, and number of fish 

stocked, from co-authors, public databases, and literature (Supplementary Data 3). Because 

data from different sources were usually reported in different units, our model inputs were 

derived by standardizing data across lakes into the same unit. 

Our fish-catch data (Supplementary Figure 1) accounted for the bulk of total reported 

fish catches across major fishing types in all of the study lakes except Tonle Sap, where 

comprehensive fish catch and fishing effort estimates were only available for Dai (stationary 

trawl) fisheries that accounted for about 8% of total reported fish catch1,2. Based on lake area 

given in Supplementary Data 2, we standardized fish catch data into kilogram per hectare, 

which were then used as our model inputs for the variable CATCH (refer to Supplementary Data 

1 for a complete list of symbols used this study). For some lakes, we derived standardized fish 

catch based on data from a certain part of the lake because of data limitations (Supplementary 

Data 3). For example, in Lake Titicaca where we were only able to obtain data for the Peruvian 

waters (60% of the lake area) but not for the Bolivian waters (the rest 40% of the lake area), we 

derived the standardized fish catch as total Peruvian fish catch divided by the area of Peruvian 

waters of Lake Titicaca.  

Obtained fishing effort data were reported in many different units across and, in some 

cases, within lakes. As shown in Supplementary Data 3, these units of fishing effort included 

number of fishing nets, number of commercial fishing licenses, length of gillnet, number of 

boats, angler days, and so forth. We standardized fishing effort data in each lake into a 

dimensionless form as 

EFF EFFc /EFFcmy y=  (1) 

where EFFy is the dimensionless fishing effort in year y and EFFcm is the median of combined 

fishing effort (EFFc) in the period 1970–2014. The values of EFFy were then used as our model 

inputs for the variable EFF. For lakes where fishing effort data were reported in multiple units, 

we followed a previously used method3, which standardizes each effort type according to a 

standard effort type associated with the highest fish catch, to derive EFFc as  
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,EFFc eff CPUE / CPUEsy y t tt
=   (2) 

where effy,t is the fishing effort of effort type t in year y, CPUE is the average of fish catch per 

unit effort in the period 1970–2014, CPUEs is the CPUE of the standard effort type, and the 

ratio of CPUEt to CPUEs is used as a proxy of fishing power of effort type t relative to standard 

effort type s. Finally, in lakes where fishing effort data were incomplete, we filled missing values 

in the Effc time series by linear interpolation, but we did not extrapolate Effc beyond the first or 

last year when fishing effort data were available in each lake. Time series of fish catch 

standardized by Effc are given in Supplementary Figure 1. 

Obtained data showed that continuous stocking could be important to sustain fish catch 

in 8 lakes (Lakes Michigan, Simcoe, Chaohu, Kinneret, Taihu, Balaton, Constance, and Geneva), 

where continuously stocked species contributed >20% of fish catch in >10 years in our study 

period 1970–2014. For the other lakes, stocking of some species might occur, but those species 

could either have become self-sustained so that stocking had discontinued or have never been 

substantial components of fish catch. For example, in Lake Chapala stocked tilapia 

(Oreochromis aureus) had become self-sustained so that the stocking had discontinued. Thus, 

even though tilapia were an important component of fish catch, we did not include stocking as 

an explanatory variable for Lake Chapala4. In Lake Erie, for example, salmonines have been 

continuously stocked but the fish catch was dominated by percids and osmerids, so that we did 

not include stocking as an explanatory variable for Lake Erie either. 

For lakes where stocking was important, we standardized total number of fish stocked 

by lake into a unit of “number of fingerling equivalent per hectare”, which were then used as 

our model inputs for the variable ST. Roughly, fish were stocked across lakes in six different life-

history stages, including sac-larvae, larvae (<3 cm), small fingerling (3–5 cm), fingerling (5–10 

cm), yearling (10–18 cm), and adult (>18cm). We converted the total number of fish stocked in 

each life-history stage into an equivalent number of fingerling stocked using conversion factors 

of (1) 100 sac-larvae = 20 larvae = 2 small fingerling = 1 fingerling5 and (2) 1 fingerling = 3.5−1 

yearling = 5−1 adult6. Finally, we included a time lag to relate the number of fish stocked to 

when they first contributed to the fish. We assumed it was 2 years for sub-tropic lakes (Lakes  



4 
 

 

Supplementary Figure 1 Fish catches across the 31 study lakes in the period 1970–2014. Solid 
lines represent reported fish catches. Dashed lines represent report fish catches scaled by 
relative fishing effort (with median fishing effort in the period = 1.0). Sources of data used to 
generate this figure are given in Supplementary Data 3.
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Chaohu, Kinneret, and Taihu) and 3 years for north temperate lakes (Lakes Michigan, Simcoe, 

Balaton, Constance, and Geneva). We assumed that stocked fish contributed to the fish catch 

sooner in lakes closer to the equator because of higher temperatures and longer growing 

seasons. 

 

Data and model inputs associated with lake environment. We obtained data associated with 

lake environment including water temperature, water level, and chlorophyll a from co-authors, 

public databases, and literature (Supplementary Data 3). Our data associated with lake 

environment could be broadly categorized into three types: (1) long-term monitoring data, 

which are in situ measurements conducted by governmental agencies or research institutions, 

(2) long-term remote-sensing estimates, which are from public databases developed by 

governmental agencies or research institutions, and (3) short-term research data, which can be 

either in situ measurements or remote-sensing estimates from the literature. We considered 

long-term monitoring data and remote-sensing estimates as more reliable than short-term 

research data because consistent methods were used over time to collect data or derive 

estimates. As a result, we used short-term research data only for chlorophyll a in years when 

long-term monitoring data and remote-sensing estimates were both unavailable.  

Our model inputs for variables WT, WL, and CHL (refer to Supplementary Data 1 for a 

complete list of symbols used this study) were derived to represent the growing season 

conditions of fish habitats in each lake, with the limitations of data availability across all lakes. 

We defined the growing season as May–October for the four high-latitude lakes in Europe 

(centered at >58°N), April–November for north-temperate lakes (centered between 42°N and 

53°N), and the whole year for sub-tropical and tropical lakes (centered between 35°N and 

17°S). Our model inputs for the variable WT were the averages of summer surface water 

temperature. Except for Lake Turkana, we defined summer as July–September for northern 

hemisphere lakes and January–March for southern hemisphere lakes. We considered Lake 

Turkana (centered at 3°N) as a southern hemisphere lake because its surface water 

temperature was always higher in January–March than in July–September7. Our model inputs 

for the variable ∆WL were the year-to-year changes in average water level. Although obtained 
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water level data were at different temporal resolutions ranging from daily to twice a year (i.e., 

annual maximum and minimum) across lakes, our annual averages of water level were based 

on all obtained data within the same year. Our model inputs for the variable CHL were the 

averages of surface layer chlorophyll a during the growing season. Similar to water level data, 

obtained chlorophyll a data were available at different temporal resolutions ranging from 

several times a month to once a year and our averages of surface layer chlorophyll a during the 

growing season were based on all obtained data within the same growing season. 

 

Data and model inputs associated with climate and land use. We derived inputs for climate 

and land-use variables in our BNM using data from global, gridded databases for the period 

1970–2014. Climate data were available on a monthly basis from the database CRU TS 4.01 

(Climatic Research Unit Time Series version 4.01)8, which has a grid size of 0.5°×0.5° latitude-

longitude. Land use data were available on an annual basis from the database LUH2 (Land-Use 

Harmonization version 2)9, which has grid size of 0.25°×0.25° latitude-longitude.  

Inputs for climate and land-use variables in our BNM were annual catchment-wide 

averages, which were derived as 

,

1
Acat

Acat
y g y gg

X X=    (3) 

where Xy is the value of a specific climate or land use variable in year y, Acat is the catchment 

area, Acatg is the catchment area within grid g from a database, and Xy,g is the value of X in grid 

g in year y. To derive Acat and Acatg, we first delineated catchment of each lake using a 

Geographical Information System (GIS) ArcGIS 10.4 (www.esri.com/software/arcgis) and a GIS 

polygon layer HydroBASINS10, in which global hydrological basins were divided into sub-basin 

polygons with attributes of flow directions. We delineated the catchment of a lake in GIS as the 

combination of all the lake’s upstream sub-basin polygons subtracted by catchments of all 

major upstream lakes, as given in Supplementary Data 2. We assumed that major upstream 

lakes can buffer effects of climate and land use changes in their catchments on the lake of 

focus. For example, the catchment of Lake Winnipeg was delineated as the whole catchment 

(over 1 million km2) subtracted by the catchments (about 471 thousand km2 total) of two major 

upstream lakes: Lake Manitoba (surface area 4,720 km2) and Cedar Lake (surface area 1,320 
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km2). Acatg was derived in GIS by intersecting the GIS polygon layer of 31 catchments with a 

global polygon layer of 0.5°×0.5° latitude-longitude grids for CRU TS 4.01 or a global polygon 

layer of 0.25°×0.25° latitude-longitude girds for LUH2. 

Model inputs for the variables AT, PRE, and PE (refer to Supplementary Data 1 for a 

complete list of symbols used this study) were derived using Supplementary Equation (3) and 

monthly data from the CRU TS 4.01 database. Our model inputs for the variable WT were 

averages of air temperature in the same summer months as defined above to derive AT. Our 

model inputs for the variable PRE were the sums of monthly precipitation within a year. Our 

model inputs for the variable PE were the sums of monthly potential evaporation, which we 

estimated using Hamon’s empirical method11: 

PE 0.08769 ND DL ES / (Tmx / 2 Tmn / 2 273.15)m m m m m m=    + +  (4) 

where PEm is potential evaporation of month m in a unit of m, ND is number of days in a month, 

DL is average daylight hours in a day, and ES is saturation vapor pressure (millibar), and Tmx 

and Tmn are maximum and minimum monthly air temperatures (°C) obtained from the CRU TS 

4.01 database. DL and ES were empirically estimated12 as 

DL 24 / πm m=   (5) 

ES 0.3054 exp[17.27 Tmx / (Tmx 237.3)]

           0.3054 exp[17.27 Tmn / (Tmn 237.3)]
m m m

m m

=   + +

  +
 (6) 

where  is sunset hour angle (radian). We estimated  using an empirical function of latitude 

and solar declination angle (δ, in radian)13 as  

0.41 sin[2 π (284 JD ) / 365]m m =    +  (7) 

1cos [ tan(LAT) tan( )]m m −= −   (8) 

where JDm is the Julian day for the 15th of month m and LAT is the latitude. 

Model inputs for the variable LUag were derived using Supplementary Equation (3) and 

annual data from the LUH2 database. There are 13 land-use types in the LUH2 database, 

including 5 types of cropland, 4 types of undeveloped land, water and ice area, managed 

pasture, rangeland, and urban land. Our model inputs for the variable LUag were the total 

percentages of cropland, managed pasture, and rangeland for each catchment.  
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Data and model inputs associated with socio-economic characteristics. In our correlation 

analyses, we used two socio-economic characteristics associated with the catchment: access to 

clean water and shoreline population density. We used the proportion of population using 

drinking-water and sanitation services in the catchment as a measure for the access to clean 

water14. Data for the proportion of population using drinking-water and sanitation services 

were available at country level and disaggregated by urban and rural areas15. At a catchment 

scale, we estimated the population using access to (both) drinking-water and sanitation 

services as 

POPcat.dr POPcat.sa
POPcat.ac

POPcat POPcat

c cc c

c cc c

= 
 
 

  (9) 

where POPcat.ac is the proportion of catchment population with access to clean water, 

subscripted c is an index for country, POPcat.dr and POPcat.sa are the catchment population 

using drinking water and sanitation services, respectively, and POPcat is the (total) catchment 

population. We estimated POPcat.dr of the country c in a catchment as 

POPcat.dr POPur.dr Acat.ur / Aur POPru.dr Acat.ru / Aruc c c c c c c=  +   (10) 

where POPur.dr and POPru.dr are the population of the country using drinking-water services 

in urban and rural areas, respectively, and Acat.ur, Acat.ru, Aur, and Aru are urban catchment 

area, rural catchment area, (total) urban area of the country, and (total) rural area of the 

country, respectively. Similarly, we estimated POPcat.sa and POPcat of the country c in a 

catchment as 

POPcat.sa POPur.sa Acat.ur / Aur POPru.sa Acat.ru / Aruc c c c c c c=  +   (11) 

POPcat POPur Acat.ur / Aur POPru Acat.ru / Aruc c c c c c c=  +   (12) 

where POPur.sa and POPru.sa are the population of the country using sanitation services in 

urban and rural areas, respectively, and POPur and POPru are (total) urban and rural population 

of the country, respectively. We chose to use 2005 data for POPur, POPur.dr, POPur.sa, POPru, 

POPru.dr, and POPru.sa because it was the first year with relatively comprehensive data15. We 

derived Acat.ur, Acat.ru, Aur, and Aru by using the GIS layer of the 31 catchments developed in 

this study, a GIS layer of world country (in ArcGIS 10.4), the LUH2 database9, and ArcGIS 10.4. 

Note that we considered rural area as the total area of the 12 non-urban land-use types in the 
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LUH2 database. To be consistent with the estimation of POPcat.ac, we estimated the shoreline 

population density as the population density within 10 km of a lake’s shoreline also in 2005, 

using population data from a global, gridded database16, a GIS layer for global lakes17, and 

ArcGIS 10.4. 
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