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Scientific Significance Statement

LAGOS-US LOCUS v1.0 is a research-ready open data platform that will facilitate studying lakes at broad scales. It includes
479,950 lakes and reservoirs larger than or equal to 1 ha across the entire conterminous U.S. The module includes spatially-
explicit information on lakes and their watersheds, including location information, physical characteristics, and identifiers so
that it can be linked with other important national-scale datasets.

Abstract

Macroscale studies of aquatic ecosystems are needed to address many contemporary broad-scale problems related to
global change, particularly to inform national-scale environmental policies. In this data paper, we fill two important
gaps in data availability for lakes at the scale of the conterminous U.S., the lack of: (1) high-resolution geographic rep-
resentations of lakes and their watersheds and (2) an open data platform to connect disparate U.S. national-scale lake
datasets. We describe the LAGOS-US LOCUS v1.0 data module that includes a detailed User Guide, which is part of
the LAGOS-US extensible research-ready open data platform. This platform can be used to study the 479,950 lakes
and reservoirs larger than or equal to 1 ha across the entire conterminous U.S. at multiple scales of space and time.
The LOCUS module includes spatially-explicit information on lakes and their watersheds, including location infor-
mation, physical characteristics, and identifiers of other important national-scale datasets.
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Cheruvelil et al.

There is an increasing need for conducting research on
environmental ecosystems, such as lakes, streams, and forests,
at broad scales of space and time. For example, macroscale
(i.e., regional- to continental-scale) research is needed to
understand global change and the role of ecosystems in global
cycles, and to enhance management and conservation efforts
critical to informing national environmental policy. Such
studies require a wide range of information on different com-
ponents of the environment. However, efforts have been
hampered by data sources with different identifiers, lack of
data standards, and a dearth of associated metadata and docu-
mentation. These limitations make it notoriously difficult to
connect, integrate, and harmonize disparate data sources to
answer macroscale questions.

Macroscale databases can come about in three main ways.
First, there are increasing numbers of big-science initiatives
such as the U.S. EPA National Aquatic Resource Surveys (www.
epa.gov/national-aquatic-resource-surveys), the U.S. National
Ecological Observatory Network (Thorpe et al. 2016), and the
European Multi-Lake Survey (Mantzouki et al. 2018). Second,
there are researchers using modeling and/or remotely sensed
products to generate broad-scale estimates of key ecological pro-
cesses such as estimating chlorophyll a (Chl a) at the river basin
scale (Kuhn et al. 2019) or fire extent and severity using remote
sensing (Eidenshink et al. 2007). Third, databases may be cre-
ated from the harmonization of disparate and smaller datasets
into integrated data products such as LAGOS-NE (Soranno
et al. 2017) and the Canadian Lake Data Archive (Huot
et al. 2019). This data paper describes the outcomes of applying
this last approach to create the open-access platform, LAGOS-
US, which uses common identifiers to connect disparate data
sources and, where possible, uses existing or establishes new
standards for data, metadata, and documentation. This extensi-
ble, research-ready platform can be used to study all 479,950
lakes and reservoirs (hereafter referred to as lakes) larger than or
equal to 1 ha in the conterminous U.S. (i.e., 48 states and the
District of Columbia) at multiple spatiotemporal scales (Fig. 1).
We focus on the national scale to leverage many existing valu-
able datasets on lakes and other ecological characteristics that
are available in the U.S. and to build an open data research
platform that could be used as a model for national efforts in
other countries.

We identified two key knowledge gaps hampering the
study of lakes in the conterminous U.S. at broad scales of
space or time. First, watersheds are a critical characteristic for
lake research and management because they represent the
contributing land area and the surface waters that drain into a
lake, and thus, are highly influential on lake physical, chemi-
cal, and biological properties. However, there is currently no
publicly available, high resolution, polygon watershed dataset
for U.S. lakes. We filled this gap by delineating watersheds for
all lakes in the conterminous U.S. Second, because individual
efforts cannot produce a single database that has all relevant
information necessary for macroscale lake research, there
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needs to be an easy way to connect existing valuable lake
datasets. Therefore, we included unique identifiers from the
major conterminous U.S. lake datasets to facilitate the com-
bined use of multiple lake datasets.

This paper describes LOCUS, the first of three core database
modules that make up the open data platform LAGOS-US
(Fig. 2). LOCUS has locational, identifying, and physical informa-
tion for all lakes > 1 ha in surface area and their watersheds in
the conterminous U.S. This first core module is the foundation
for the LAGOS-US platform because it includes the basic informa-
tion needed to connect to any other LAGOS-US module and
serves as a foundation for future lake studies of the conterminous
U.S. The second core module is GEO, which includes the
geospatial and temporal ecological context variables (e.g., land
use, climate, hydrology) for all lakes in LOCUS characterized at
multiple spatial divisions (e.g., equidistant buffers around lakes,
watersheds, ecoregions). The third core module, LIMNO, includes
limnological physical, chemical, and biological measurements
through time for a subset of lakes > 1 ha.

LAGOS-US extension modules contain information for spe-
cific lake characteristics that often require different data
sources or new analyses on either all or a subset of lakes in
LOCUS. Upcoming extension modules that will be published
soon include the following. RESERVOIR provides a predicted
classification of all 137,465 lakes > 4 ha as either a natural lake
or a reservoir using a machine-learning algorithm and aerial
imagery. LAKE DEPTH includes mean and/or maximum depth
measurements of over 17,675 lakes > 1 ha that were manually
compiled from a wide range of online sources. NETWORKS
uses graph theory to identify 898 lake networks that include
86,511 lakes >1 ha and provide quantitative surface water
connectivity metrics for those networks and lakes (King
et al. in press). LANDSAT provides predicted water quality
measurements for Chl a, Secchi depth, and colored dissolved
organic matter for the 137,465 lakes > 4 ha using machine-
learning models based on atmospherically corrected Landsat
imagery and LIMNO data, in addition to lake-wide values of
reflectance for each Landsat band and satellite overpass.

All LAGOS-US data modules are designed for reuse and
extension by the broader research community. Therefore,
each module will be made available in individual data reposi-
tories in the Environmental Data Initiative data repository,
will include a detailed User Guide and metadata documenta-
tion, and will be accessible using the “LAGOSUS” R package
(Stachelek 2021). The LOCUS module includes a detailed User
Guide (Smith et al. 2021), a crosswalk table that facilitates
connections to existing lake database resources, GIS data files
of lakes and their watersheds, and extensive documentation
of methods, code, and data.

Data description

The LAGOS-US LOCUS v 1.0 data module contains infor-
mation on all 479,950 lakes and watersheds in the
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Fig. 1. Map of the 479,950 lakes > 1 ha in the 48 states and the District of Columbia (i.e., conterminous U.S.) that are in LAGOS-US.

conterminous U.S. > 1 ha in surface area, which we define as
the “census lake population.” Lakes and watersheds are the
two entities in the LOCUS module that are linked with other
LAGOS modules using the common LOCUS lake identifier
lagoslakeid and the common spatial division identifier zoneid.

A lake is defined as a perennial body of relatively still water
>1 ha with a geographically defined polygon in the high-
resolution National Hydrography Dataset (NHD HR). LOCUS
includes lakes and reservoirs that are either completely natu-
ral, modified natural (i.e., a water control structure on a
natural lake), or highly modified (i.e.,, a fully impounded
stream or river); however, lakes are not coded using these cate-
gories due to the lack of a classification based on human mod-
ification. However, we explicitly exclude entirely artificial
basins or those built for high-intensity human use based on
our interpretation of labels assigned by the NHD HR—these
include but are not limited to sewage treatment ponds, aqua-
culture ponds, and retention ponds.

We define a lake watershed as an area of land that drains
surficially into a lake either through potential land surface
flow or via connected streams or upstream lakes. We use a
limnological interpretation of the landscape that recognizes
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lakes as sinks, trapping nutrients and sediments and affecting
the transport of such materials to downstream streams and
lakes (e.g., Marcarelli and Wurtsbaugh 2007; Brett and Benja-
min 2008; Zhang et al. 2012). Therefore, our lake watershed
delineations factor in the effect of upstream water bodies.
However, recognizing that small water bodies will have mini-
mal impacts on downstream lakes based on simple account-
ing, we selected a lake surface area threshold of 10 ha to
indicate whether an upstream drainage is sufficient to result
in limnologically important downstream contributions to a
focal lake (i.e., the downstream lake). Thus, when a lake has
an upstream-connected lake that is > 10 ha, we assume that
the large upstream lake serves as a depositional basin of the
upstream-draining land and we do not include the drainage
areas of that upstream lake in the focal lake’s watershed. Lakes
without an outflow > 10 ha are similarly considered as deposi-
tional basins for this definition and are treated as sinks that
drain local regions excluded from the focal lake’s watershed
for the lake watershed delineation. Based on this conceptuali-
zation, every lake has a unique lake watershed. For each lake
connected to one or more larger lakes (= 10 ha), we delineated
the network watershed that consists of the unique lake
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LOCUS v 1.0: Foundation of the LAGOS-US Platform

Core modules: 2. LAGOS-US GEO 1. LAGOS-US LOCUS 3. LAGOS-US LIMNO

Metadata Metadata Metadata
data tables data tables data tables
GIS vector data GIS vector data

LAGOS-US LAGOS-US LAGOS-US
RESERVOIR LAKE DEPTH NETWORKS

Metadata = Metadata Metadata
datatables| (SN data tables - data tables

LAGOS-US
LANDSAT

Metadata

Extension
modules:

Fig. 2. The LAGOS-US platform: Core and extension modules. LAGOS-US includes three core modules, with the LOCUS v 1.0 data module playing a
central role in the platform by connecting to all other LAGOS-US modules through unique identifiers. LOCUS has locational, identifying, and physical
information for lakes and their watersheds. GEO includes the geospatial and temporal ecological context variables (e.g., land use, climate, hydrology) of
all lakes in LOCUS characterized for multiple spatial divisions (e.g., equidistant buffers around lakes, watersheds, ecoregions). LIMNO includes surface-
water limnological physical, chemical, and biological measurements for a subset of lakes in LOCUS through time. The LAGOS-US platform also includes
four in-development extension modules: RESERVOIR, LAKE DEPTH, NETWORKS, and LANDSAT; see text for details). Gray boxes with dashed lines are
placeholders for future extension modules that can be created by any developer or user and that can link to any of the three core modules. To facilitate
data reuse, each module contains multiple data and metadata tables, with additional observation-level metadata embedded in the data tables; when
applicable, modules also contain GIS vector data. An R package called “LAGOSUS” is available to facilitate access (Stachelek 2021). LANDSAT image cour-
tesy of the U.S. Geological Survey and images for GEO, LOCUS, LIMNO, and RESERVOIR are from the Integration and Application Network, University of
Maryland Center for Environmental Science (https://ian.umces.edu/imagelibrary/).

watershed plus the combined watersheds of all upstream within the data tables. The accompanying geospatial data are
lakes. Note that all representations and calculations of lake provided as a GIS vector dataset consisting of lakes as poly-
watersheds do not include the lake itself, even though we gons and centroids, and watersheds as polygons. The four

describe lakes as “nested” within watersheds. See “Lake water- LOCUS data tables contain the observations of variables,
sheds” section below for a more detailed description. grouped based on similarity of data source, methods used to
LOCUS provides important information regarding the char- create the variable, or general category of variable: lake infor-

acteristics of lakes including: variables that can be obtained mation, lake characteristics, lake link, and lake watersheds (see
from GIS data such as location and geometry; variables that below for more detail).

can be derived using GIS processing such as lake hydrologic Lake information: This data table includes common
connectivity, lake watersheds, and watershed geometry; and identifiers such as the LAGOS lake name (collated from multi-
commonly used identifiers from other data products useful for ple sources), locational information (horizontal and vertical
linking with LAGOS-US. Some lake, lake watershed, and net- geographic coordinates, U.S. state; Fig. 4), and flags associated
work watershed boundaries in LOCUS extend slightly beyond with these observations. Refer to Soranno et al. (2020) for a
the conterminous U.S. crossing the borders of either Canada more detailed description of U.S. lake names, including
or Mexico. Because NHD international data harmonization regional patterns and commonly used, derogatory, or unusual

efforts have provided source data extending beyond the politi- names.

cal boundary, LOCUS variables including the connectivity Lake link: This data table includes single or multiple
variables are not limited by data availability beyond the identifiers for each lake from other commonly used national-
U.S. border. scale data products including: Water Quality Portal (WQP),

LOCUS consists of data as tables, GIS vector data, observa- Geographic Names Information System (GNIS), NHD
tion level flags, two metadata tables (Fig. 3), and a detailed (medium-resolution) Plus v2.1, LAGOS-NE, and the EPA
User Guide (Smith et al. 2021). LOCUS metadata includes a National Lakes Assessment surveys from 2007 and 2012.
data source table, a data dictionary table, and individual Linked identifiers are included in the table only when a lake is
observation-level flags for some variables that are included present in the LAGOS-US lake population.
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The LOCUS Schema
LOCUS Metadata

Data source table Data dictionary

Metadata for sources Definitions of all columns

LOCUS Data Tables

Lake information Lake characteristics

Identifiers lagoslakeid
lagoslakeid Geometry
Lake NHD ID Area, perimeter

Lake GNIS name
Lake LAGOS name

Shoreline develop factor
Other shape metrics

zoneid Connectivity

Location Lake connectivity class
Lake state(s) # upstream lakes
Lake lat/lon Glaciation

Glaciated-late WI

Lake watersheds

Lake elevation
Observation-level flags

Lake link

lagoslakeid
lagoslakeid Identifiers
Lake NHD ID WS and NWS IDs
Lake GNIS name WS lat/lon
WQP IDs Geometry

NHDPlusv2 IDs
lagoslakeid to lagosne
NLA 2007 & 2012 IDs

LOCUS GIS Vector Data
LOCUS GIS

Lake and watershed polygons
Lake points

WS and NWS shape metrics
WS and NWS metadata
Observation-level flags

Fig. 3. The LAGOS-US LOCUS schema. Along with a detailed User Guide
(Smith et al. 2021), LOCUS includes metadata in the form of a source
table and a data dictionary, four data tables (lake_information.csv,
lake_characteristics.csv, lake_watersheds.csv, and lake_link.csv), and a
geopackage. The tables are connected to each other and other LAGOS-
US modules via two unique, key identifiers depicted with red text:
lagoslakeid and zoneid. Three of the four tables also include observation-
level flags, depicted with blue text. The variables in the four data tables
that are listed in black text are representative examples, rather than
exhaustive. The census population of lakes is N = 479,950; however, n
for the lake link and watershed tables is smaller. WS is lake watershed,
NWS is network watershed, GNIS is Geographic Names Information Sys-
tem, WQP is Water Quality Portal, and NLA is the U.S. EPA’s National
Lakes Assessment program.

Lake characteristics: For each lake, this data table
includes derived metrics for lake geometry, whether the lake is
located within an area that was glaciated during the Late Wis-
consin glaciation, and lake hydrologic connectivity. Geometry
variables include lake area measured multiple ways (e.g., water
only, water and island area combined), lake perimeter mea-
sured as lake only and with the perimeter of any islands
within lakes (i.e., lake edge), and shape metrics such as shore-
line development factor, which indicates shoreline complex-

ity (Fig. 5).

274

LAGOS-US lakes and watersheds

Lakes are classified into one of six classes of hydrologic
connectivity determined from the NHD network and distin-
guished by three features: the presence of inflows, presence of
outflows, and connections to upstream lakes > 10 ha in area.
“Isolated” lakes lack both inflows and outflows; “Headwater”
lakes have an outflow but no inflow; “Drainage” lakes have
both inflow(s) and outflow(s) and lack upstream connected
lake > 10 ha in area; “DrainageLk” lakes have inflow(s) and
outflow(s) and have upstream connected lake(s) > 10 ha; “Ter-
minal” lakes have inflows but no outflows and lack an
upstream connected lake > 10 ha in area; and “Terminallk”
lakes have inflow(s) but no outflow(s) and have an upstream
connected lake(s) = 10 ha (Fig. 6). Drainage and Isolated lakes
are the most common connectivity classes while Terminal
and TerminalLk classes are relatively rare (Fig. 7a—f). About a
third of lakes have connectivity classes that fluctuate when
only permanent stream connections are considered (Fig. 7g).
Lakes were also classified as “glaciated” or “not glaciated”
based on whether the lake is in an area that was glaciated dur-
ing the Wisconsin glaciation that ended approximately
11,000 years ago (Ehlers et al. 2011); 30% of lakes are in for-
merly glaciated regions (Fig. 7h). For each lake, we calculated
the area and number of upstream lakes connected by surface
streams according to different size classes (=1 ha, >4 ha,
> 10 ha) using the NHD network and considering both perma-
nent and intermittent/ephemeral stream flow.

Lake watersheds: This data table includes identifiers,
location, and geometry for the lake watersheds (WS) and net-
work watersheds (NWS). Defining a lake watershed depends
on the upstream surface water connections of a lake as well as
the topography of the surrounding basin; the watershed
boundaries do not include the focal lake. Each lake has a lake
watershed (WS) that is one of three sub-types depending on
the presence of lake inlets and upstream lakes > 10 ha (Fig. 8).
These sub-types are defined as:

a. Local catchment (LC): The LC is the area of land that directly
drains into a lake or a stream. Every lake and stream seg-
ment in LAGOS-US has a LC calculated for it, which is used
to “accumulate” when creating the other two watershed
types. For lakes that do not have any permanent upstream
stream connections, the watershed accumulation process is
complete and the LC represents the lake WS and is equiva-
lent to the topographic watershed.

b. Drainage-watershed (DWS): For lakes with upstream connec-
tions but no lakes > 10 ha, we created a DWS by accumu-
lating all upstream LCs. Thus, the DWS is the
accumulation of the LCs for all upstream streams and small
upstream lakes (< 10 ha).

c. Inter-drainage-lake watershed (IDWS): For lakes with
upstream connections with lakes > 10 ha, we created an
IDWS. These are similar to the DWS in that they include
the area of land that directly drains into a lake and includes
the area that drains into upstream-connected streams and

S5US0| SUOLIWIOD AITERID 3 (edt|ddte Ul Ag paLEAOB 32 SO YO 8N J0 S9N 10} AR BUIIUO AB|IM UO (SUORIPUOO-PLE-SWLBYLICY" A3 1M A1 BUI|UO//SA1L) SUORIPUOD PuUe SWB | 3 885 *[GZ02/20/£0] U0 AIRIqIT 8UIIUO ABIM ‘E020T Z[01/200T 0T/10p/i00"AB 1M ARe.q U1 JUO'SGNdO Se//'SY W01 popeojumod ' “T202 ‘Zv2Z8LE2



Cheruvelil et al.

(b)
150,000

100,000

LAGOS-US lakes and watersheds

Lake counts by elevation

50,000 —

[ I I I 1
0 1000 2000 3000 4000

Elevation (m)

(@) Lake counts by latitude
40,000
30,000 —
20,000 —
10,000 —
0 —
[ I I I I ]
25 30 35 40 45 50
Latitude (decimal degrees)
(c) Lake counts by state
50,000 —
40,000 —
30,000 —
20,000 —
10,000 H HH
G - Hﬂﬂﬁﬂﬂﬁ 1N

N
552059

MT
wy
Cco
NM
ND
sD
NE
Ks
OK
TX
MN
1A
MO
AR
LA
wi
L
MS
Mmi
IN
KY
TN
AL
OH
GA
FL
wv
VA
NC
SC
NY
PA
MD
DC
NJ
DE
VT
MA
CcT
RI
NH
ME

State

Fig. 4. Depiction of locational information found in the lake information table: (a) latitude, (b) elevation, and (c) U.S. state (lower 48 states and the Dis-
trict of Columbia) arranged generally from west to east and indicated with their standard two-letter code.

lakes < 10 ha. However, the IDWS accumulation “stops” at
the outlet of any perennially connected upstream lakes
> 10 ha. Additionally, isolated and terminal lakes > 10 ha
are treated as sinks and are excluded from the focal
lake IDWS.

In addition to the three sub-types of lake watersheds
(WS) defined above, we also delineated a larger watershed for
lakes with an IDWS, e.g., those with an upstream connected
lake > 10 ha. This watershed is called the network watershed
(NWS) and is defined as the area of land that directly drains
into a lake combined with the total area that drains into all
upstream perennially-connected streams and lakes (including
those > 10 ha). Only DrainagelLk and TerminallLk lakes have
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upstream lakes > 10 ha and an NWS is quite large in some
cases (Fig. 9a). To compile a set of total watersheds for all
lakes, users can combine data for the NWS, derived for lakes
with upstream lakes > 10 ha, with that for the WS for those
lakes that lack upstream lakes > 10 ha. The flag ws_equalsnws
provides a helpful variable to identify which lakes do or do
not have an NWS.

For both WS and NWS, the number of observations reflects
the dominance of small lakes and the relatively small propor-
tion of lakes with network watersheds in LOCUS (Fig. 9a).
While watershed area increases with lake area (Fig. 9b), an
opposite decreasing pattern occurred for the ratio of water-
shed area to lake area; this pattern was flatter across lake area
for WS compared to NWS watersheds (Fig. 9¢).

85USD17 SLUOWILLOD dAIES.1D 3|dedl|dde au Aq pausenob e sapile YO ‘38N Jo 3N 10} Akeig1 duljuO 8|1 Lo (SUORIPLOD-pUe-SWLRILI0D" A8 1M Atelq U |uo//Sdny) SUORIPUOD pue SLW L 3U} 39S *[S202/20/c0] uo Ariqiautiuo A8|IM ‘€02Z0T Z101/200T OT/I0p/wod A3 |1m Aelqiput|uo'sgndo se//sdny wo.y papeojumod ‘S ‘TZ0Z ‘2vee8Lee



Cheruvelil et al. LAGOS-US lakes and watersheds
(a) (b)
= 15
10
300 %
s
—_ <
3 qé 9.5
1 .
< 200 g 10 ===
o
= 6] 5.4
2 o |
= ©
3] - - 2]
S
. C%
0 — — 100 - —19
oy o = = = ey = a = =
T 2 8§ § E = = 8 g =
= £ 3 2 8 = £ 3 £ 8
- o o — o o
= = = = = =
Lake area ranges (ha) Lake area ranges (ha)

0;6 Kilometers Sdf i 10 ; OEB Kilometers Sdf = 2 1

6.Kilometers

sdf= 5.4

Fig. 5. Representative depictions of lake geometry. Number of lakes by lake area size bin (a) and violin plots of the shape metric “shoreline development
factor” (SDF) plotted following log;o transformation (b). Violin plots show the kernel density distribution of shoreline development factor for each lake
area class as well as the range of values. Embedded boxplots show the median value and the interquartile range (25th and 75th percentiles) of the log,o
transformed data. Dashed reference lines show SDF values for panels c¢—f. The SDF is calculated as the ratio between the perimeter of a circle with area
equal to the lake area and the measured perimeter. Lakes that are circular have an SDF approaching 1, while very reticulate lakes have a greater SDF.
Shown below the plots are aerial images of lakes approximating the SDF values denoted in blue above: A very circular lake (c), an average lake (d), and
two reticulated lakes (e and f). Image attribution: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo,
and the GIS User Community.

Methods (USGS 2019); National Elevation Dataset (USGS 2017b);

Eleven main datasets were used to create LOCUS: NHD, Wisconsin Glaciation (Ehlers et al. 2011); TIGER/Line
High Resolution (USGS 2017a); NHDPlus High Resolution, Boundaries (US Census Bureau 2017); Watershed Boundary
Beta (USGS 2021a); NHDPlus v2.1, Medium Resolution Dataset, Hydrologic Unit (HU) boundaries (USGS 2016);
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Fig. 6. Cartoon (top, (a)) and aerial images (b-g) depicting the six lake connectivity classes with focal lake marked with red dot and red arrows showing
the direction of flow. Drainage and DrainageLk classes have inflow(s) and may or may not have outflow(s), with the DrainagelLk also including one or
more upstream lakes > 10 ha; Headwater: outflow only; Terminal: inflow only, TerminalLk: inflow only also including one or more upstream lakes
> 10 ha; Isolated: no inflows or outflows. Image attribution: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community. Symbols for diagrams courtesy of the Integration and Application Network (http://ian.umces.edu/symbols).

WQP (USGS et al. 2018); GNIS (USGS and US Board on
Geographic Names 2018); US National Lakes Assessment
2007 and 2012 (USEPA 2010, 2016); and LAGOS-NE
(LIMNO) v1.087.3 (Soranno et al. 2017; Soranno
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et al. 2019). Details of these sources and how they were
used are included in the LOCUS User Guide (Smith
et al. 2021) and the LAGOS-US GIS Toolbox
(LAGOS_GIS_Toolbox v2.0 Beta).
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Fig. 7. Geographic distributions and lake densities mapped as hexagonal bin plots for the six lake connectivity classes (a-f); lakes with connectivity class
fluctuations if only permanent stream connections are considered (g); and lakes located in regions that were glaciated during the Late Wisconsin glacia-
tion (h). The percentages in the panel labels are the percent representation in the LOCUS lake population. See text and Fig. 6 for details about connectiv-
ity class types.

Metadata tables includes official names, descriptions, citations, and other rele-
LOCUS has a data source table (source_table_locus) and a vant metadata related to each of the source datasets in which
data dictionary table (data_dictionary_locus). The source table variables from LOCUS were obtained. The data dictionary
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Inlet Present?

No Yes

Upstream Lake
210 ha?

No Yes

Fig. 8. A taxonomy of lake watershed sub-types. The decision tree indi-
cates three scenarios for lake watershed (WS) delineation. Watershed sub-
types are local catchment (LC), drainage-watershed (DWS), and inter-
drainage-lake watershed (IDWS).

table includes official names, taxonomic information, units,
and other relevant metadata related to each variable in
LOCUS.

GIS vector data

GIS vector data consist of lakes as polygons and points,
and watersheds as polygons. These spatial data are for future
researchers to visualize the lakes and watersheds and to con-
duct further analyses that require spatial representation of
lakes and watersheds. A complete polygon dataset is provided
for all of the lake WS. The polygon dataset for the NWS
includes a polygon for each lake that has the IDWS lake water-
shed sub-type (i.e., a subset of all lakes). A LC polygon dataset
for lakes only (not streams/flowlines) is provided that can be
combined with the publicly available NHDPlus HR Beta
“catchment” GIS dataset. Methods for these vector data are
detailed in the LAGOS-US GIS Toolbox and associated scripts
(LAGOS_GIS_Toolbox v2.0 Beta).

Data tables

The four LOCUS data tables, described in detail below, con-
tain the observations of variables that are grouped into tables
based on similarity of data source, methods used to create the
variable, or general category of variable: lake information, lake
characteristics, lake link, and lake watersheds. These data
tables also include individual observation-level flags for some
variables, when applicable.

Data table: Lake information

The unique lake identifier (lagoslakeid) was generated as a
sequential integer for each of the 479,950 lakes maintained in
LAGOS-US: LOCUS. This lagoslakeid matches that in LAGOS-
NE (an earlier version of the LAGOS research platform for
17 U.S. states; Soranno et al. 2017) when the NHD HR
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Fig. 9. Number in thousands (a), watershed area (b), and the watershed
to lake water area ratio (c) for lake watersheds (WS) and lake network
watersheds (NWS) across lake area ranges. Violin plots show the kernel
density distribution and the range of values for each combination of
watershed type and lake area interval. Embedded boxplots show the
median value and the interquartile range (25th and 75th percentiles) of
the data. Observations are binned by lake water area; for example, the
[1,4) bin comprises lakes with water areas > 1 and < 4 ha.

Permanent_Identifier used in the NE snapshot matched the
Permanent_Identifier from the most recent NHD HR US snap-
shot. In a few rare cases, LAGOS-NE identifiers were
completely removed from the lake population and were not
recycled due to NHD identifier changes through time.

Official lake names were gathered from multiple data
sources (e.g., NHD, GNIS) with significant manual review. All
names were de-duplicated and concatenated using a
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semicolon delimiter to create lake_namelagos, so that multiple
names could be provided for each lake, if available. Additional
names were always linked with a lake if the (point) geographic
location associated with the lake name from another data
source was located within the LAGOS-US lake polygon. Addi-
tional names were sometimes linked if the location was
within 100 m of the lake, contingent upon manual review to
determine whether the point and lake polygon referenced the
same lake. More names were identified manually when lake
sampling programs provided unique names with the sampling
observations that are part of a different LAGOS-US core mod-
ule. Some names in LAGOS-US were manually identified using
internet map services when reviewing lake locations. Names
were also reused from LAGOS-NE in the following way: when
lakes were larger than 50 ha, the LAGOS-NE name was vali-
dated before reuse; for smaller lakes, source text for names
were used without further validation and names appear in
upper case.

Several geographic location variables in lake information
were based on the point representation of lakes. The point repre-
sentations are always within the lake polygon (a central “label-
ing” location) and are not based on the true centroid of the lake.
Latitude and longitude for each lake were calculated with the
Calculate Geometry tool in ArcGIS using the NAD83 geographic
coordinate system (lake_lat_decdeg, lake_lon_decdeg) and lake sur-
face elevation, which was based on the elevation value from the
NED source dataset and was assigned to lakes using the Extract
Values to Points tool in ArcGIS (lake_elevation_m).

The LOCUS lake_information table includes spatial division
zone identifiers (e.g., zoneids) that connect lakes to the spatial
division that contains their centers. There are many additional
features of the zones that are provided as part of a different
LAGOS-US core module. These 15 spatial divisions either: sur-
round the lake shore (at buffer distances of 100 and 500 m);
contribute water to the lake (both WS and NWS watershed
types as described below); or reflect the location of the lake cen-
troid within USGS nested hydrologic units (HU12 to HU4),
political entities (county and state), or each of six widely used
ecoregion or regionalization frameworks. See Smith et al. (2021)
for a complete list of regionalization frameworks included and
their citations. The unique identifier for the zone intersecting
each lake point was recorded for all divisions (hu4_zoneid,
* zoneid); if no zone intersected the point (as sometimes
occurred along the U.S. border), the closest zone was used. All
states that intersect the lake polygon were identified using the
Spatial Join tool in ArcGIS and were recorded as the two-letter
postal abbreviation(s) for each intersected state strung together
into a single value separated by semicolons (lake_states).

The following variables were assigned a flag value of “Y”
based on criteria described in depth in the data documenta-
tion (Smith et al. 2021): lake polygons intersecting the
U.S. land border at Mexico or Canada (data source: TIGER)
(lake_onlandborder), multipart lakes based on the shape’s
IsMultipart attribute calculated in ArcGIS (lake_ismultipart),
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and lakes without a lagoslakeid match in the lake_watersheds
table (lake_missingws).

Data table: Lake link

Below, we provide a summary of the methods used to cre-
ate the crosswalk table that links LAGOS-US with other broad-
scale lake databases. Full documentation for the creation of
the LAGOS-US lake_link table is available as an R notebook in
the code repository. Additionally, detailed descriptions of the
methods used are included in the LOCUS User Guide (Smith
et al. 2021).

Six main datasets were used to create the lake_link table:
LAGOS-US, GNIS, WQP, NHDPlusV2 (medium-resolution),
NLA 2007 and 2012, and LAGOS-NE. There were several
obstacles to reliably identifying common lakes among these
datasets, including inadequate location accuracy, disagree-
ment in the definitions affecting classification of waterbodies
as lakes vs. another type of waterbody (e.g., swamps, streams,
etc.), disagreement concerning the delineation of lake spatial
extents or divisions between adjoining lakes, conflicting
names, unaccounted changes in identifiers within a dataset,
and asynchronous, unique update schedules for each dataset.
Our methods were intended to overcome as many of these
obstacles as possible, while keeping the number of false links
to a minimum. This table was created in R, relying on the
dplyr and sf libraries for data manipulation. For each dataset,
the workflow consisted of seven steps as follows:

1. Import: modify fields and prepare the data frame for
later work.

2. Filter: prune categories of entities that are less likely to
represent either natural lakes or reservoirs, even if those
categories sometimes connect to a LAGOS-US lake. The
lake_link table only includes relationships if they ulti-
mately connect back to a LAGOS-US lake.

3. Convert: move between spatial and non-spatial data for-
mats, as needed. Spatial formats were projected to the
USGS Albers Conic Equal Area projection (EPSG code 5070)
for consistency.

4. Select: keep only necessary columns.

5. Join: individually connect LAGOS-US with each other
dataset. This step included spatial joins, joins based on
common identifiers, or the incorporation of links
established or confirmed with a manual linking review pro-
cess (for LAGOS-NE lakes and NLA lakes only).

. Select again: keep only necessary columns.

. Final join: merge the results of the multiple joins in step
S into a single crosswalk table with only the necessary
fields remaining.

N O

Data table: Lake characteristics

The lake_characteristics table includes variables that char-
acterize lake geometry, surface water connectivity, and glacia-
tion. Below, we summarize the methods used for these
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variables and associated flags; full documentation of the
methods used are included in the LAGOS-US LOCUS User
Guide (Smith et al. 2021) and the LAGOS-US GIS Toolbox.

Lake geometry variables

The NHD HR lake polygons were the basis for calculating
these metrics. Several variables describe lake geometry
(i.e., area, perimeter, shape), and they were created with the
Calculate Geometry tools in ArcGIS, using the Albers USGS
Conical Area Projection.

Metrics include calculated shoreline development factor (SDF;
lake_shorelinedevfactor; Fig. S); water-only lake area (lake_
waterarea_ha); total lake area including islands, if present
(lake_totalarea_ha); area of islands, if present (lake_islandarea_ha);
lake perimeter (lake_perimeter_m); and perimeter of islands, if pre-
sent (lake_islandperimeter_m; Fig. 10a). Water-only lake area
(lake_waterarea_ha) equals the area of the original polygon,
whereas the remaining metrics were calculated by removing
holes (islands) from the original lake polygons using ArcGIS Elim-
inate Polygon Part. Island area and perimeter metrics were calcu-
lated as differences between the area and perimeters of the
original polygon and the hole-free polygons.

Other lake shape metrics reflect two types of minimum
bounding (mbg) polygons based on (1) convex hulls and
(2) rectangles (Fig. 10b). These polygons were generated in
ArcGIS using the Minimum Bounding Geometry tool in the
Data Management Toolbox/Features toolset and selecting
the respective CONVEX_HULL or RECTANGLE_BY_AREA
option. First, we used the minimum bounding geometry con-
vex hull (defined as the smallest convex polygon enclosing the
lake polygon; one way to envision this is as an elastic stretched
around a polygon) to calculate three metrics: the maximum dis-
tance between any two vertices of the convex hull
(lake_mgbconhull_length_m), the maximum width of the convex
hull defined along an axis perpendicular to the axis defined by
the convex hull length (lake_mbgconhull_width_m), and a lake
orientation metric in degrees from O (or North) to 180° of the
line defining the convex hull length (lake_mbgconhull_
orientation_deg). Second, we used the minimum bounding
geometry rectangle, which is defined as the smallest rectangle
by area enclosing the lake polygon (Fig. 10b), to generate two
metrics: rectangle length (lake_mgbrect_length_m) and rectangle
width (lake_mgbrect_width_m).

To generate the lake_shapeflag that flags lake polygons with
very elongate or angular shapes, we calculated the ratio
between the water-only lake area and the area of the mini-
mum bounding geometry rectangle (lake_mbgrect_arearatio).
Flongate lakes are very thin relative to their length and might
be considered closer to riverine systems (Fig. 10c). Angular
lakes have shapes that closely match either a rectangle or tri-
angle suggesting that they were human-made (Fig. 10c). Lakes
that meet neither of these criteria were given a value of
“noflag.”
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(a) Lake area and perimeter:

lake totalarea_ha 125.8
lake_waterarea_ha 122.0
lake_islandarea_ha 3.8
lake_perimeter_m 5449
lake_perimeterislands_m 1020

(b) Lake minimum bounding geometry:

[ JLAGOS-US Lake
[ MBG convex hull
[ MBG rectangle-by-area /

= |ength
= Width

Lake shape flag:

(c)

a.\ elongate

angular

Fig. 10. lllustrations depicting lake geometry metrics and the lake shape
flag. Specifically, (@) geometry values for a lake polygon with an island;
(b) minimum bounding geometry (MBG) features with the original lake
polygon (blue) depicted overlaid on the convex hull polygon (yellow)
and both overlaid on the rectangle-by-area polygon (gray); (c) lakes with
lake_shapeflag values equal to “elongate” and “angular.” The angular lake
examples shown illustrate criteria of low vertex counts (both) and shape
approximating a rectangle (angular lake to the right).

Connectivity variables

We characterized lake surface water connectivity using a
variety of metrics that share a unified methodology: lake
connectivity class, upstream lake counts, and accumulation
of LCs into the lake watersheds and network lake water-
sheds. We used network tracing implemented in a custom
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Python tool (NHDNetwork, see LAGOS_GIS_Toolbox v2.0
Beta) and summarized the contents of the NHDFlow table
in the NHD source data to make connectivity determina-
tions. A trace represents the path(s) that starts at the origin
point specified upon initiating the trace and follows the
flow in the specified direction (upstream or downstream)
until either defined barrier locations or the end of the net-
work is reached. All metrics were calculated separately for
each subregion (HU4-level river watershed) due to the way
the NHD flow network data were packaged. The network
connectivity metrics were calculated using the NHDPlus HR
Beta 2021 snapshot, in correspondence with the watershed
delineations.

Lake connectivity class: Lake connectivity classes were
created using all lake network traces and were calculated in
both flow directions for all lake and reservoir waterbodies in
the NHDWaterbody layer. Maximum lake connectivity
(lake_connectivity_class) was classified based on the following
classes that represent six connection possibilities between
lakes, streams, and upstream lakes > 10 ha (Fig. 6): (1) Iso-
lated—traces in both directions were empty (no network
connectivity); (2) Headwater—only the downstream trace
contained network connectivity; (3) DrainageLk—traces in
both directions had network connectivity, and the upstream
trace contains the identifier of one or more lakes > 10 ha;
(4) Drainage—all lakes that do not meet one of the prior
three criteria; traces in both directions had network connec-
tivity and the upstream trace did not contain any identifiers
for lakes > 10 ha; (5) Terminal—only the upstream trace con-
tained network connectivity; and (6) TerminalLk—only the
upstream trace contained network connectivity and the
upstream trace contains the identifier of one or more
lakes > 10 ha.

These lake connectivity classes were based on flow traces of
all upstream and downstream connectors. However, some
of these connectors are considered ephemeral or intermittent.
Therefore, permanent connectivity (lake_connectivity_permanent),
defined as the connectivity class that persists throughout and
between years, was assessed using the same rules as above after
dropping stream segments labeled as either “intermittent” or
“ephemeral” flow.

After calculating both maximum and permanent connec-
tivity classes, if the two classes were unequal, the
lake_connectivity_fluctuates flag was assigned the “Y” value to
indicate the lake may have variable connectivity within or
between years. For example, lakes that are isolated most of the
year, but have ephemeral inflow after rainstorms are common
in the arid southwest.

Upstream lake counts: The upstream network from each
focal lake in the LAGOS-US lake population was traced and
broken into three hierarchically nested size classes: all lakes
>1 ha, all lakes > 4 ha, and all lakes > 10 ha. The count and
area of connected lakes in each size class are summarized in
six variables.
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Glaciation variables

The ArcGIS Tabulate Intersection tool was used to calculate
the percentage of each watershed or lake that was glaciated
during the Wisconsin glaciation, terminating approximately
11,000 years ago (Ehlers et al. 2011). For lakes, if any percent-
age of the lake was glaciated, the “Glaciated” class was
assigned; otherwise, the lake was designated as “Not
Glaciated.”

Table: Lake watersheds

The lake_watersheds table includes identifying information
and variables associated with lake watersheds (Fig. 11). The
delineation of lake watersheds was completed in two phases:
(1) delineation of LCs and (2) accumulation of LCs into both
watersheds and, where applicable, network watersheds. Water-
sheds were delineated by modifying NHDPlus HR files to add
defined catchment outlets for all the lakes in the LAGOS-US
lake population. This process allowed us to meet the goal of
delineating a LC for each lake in the LAGOS-US lake popula-
tion. Below, we summarize the methods used for delineating
watersheds, calculating watershed geometry metrics, and
assigning watershed flags; full documentation of the methods
used are included in the LAGOS-US LOCUS User Guide
(Smith et al. 2021), as well as the LAGOS-US GIS Toolbox and
associated scripts (LAGOS_GIS_Toolbox v2.0 Beta).

Delineating watersheds

The watershed delineation process included two major
steps—creating LCs for all waterbodies and then, accumulat-
ing the LCs to create watersheds for each lake. We describe
these two major steps at a high level here (see User Guide for
details; Smith et al. 2021). LCs were delineated by modifying
the published NHDPlus HR intermediate watershed delinea-
tion data products to emphasize the LAGOS-US lakes as catch-
ment outlets while retaining the value added by the NHDPlus
HR product standards.

We reused or modified the following datasets published in
the NHDPlus HR geodatabase and raster files: NHDPlus
NHDPlusIDGridCode, NHDPlusSink, catseed.tif, hydrodem.tif,
filldepth.tif, and fdr.tif. The modifications implemented in
LAGOS-US were intended to ensure each LAGOS-US
lake would have a catchment delineated, regardless of
surface water connectivity. We also mitigated an acknowl-
edged error with excessive small sinks in the NHDPlus HR
Beta version.

Processing conducted by the source data providers: The
NHDPlus HR watershed delineation process is documented in
detail by Moore et al. (2019), and implements these major
steps:

1. Mosaic the National Elevation Dataset 3DEP DEMs to cover
the extent of the HU4 (subregion) and convert elevation
units to centimeters.
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Focal lake

i\( Focal lake
outlet

Watersheds of
drainage lakes >10 ha
are excluded from the
focal lake IDWS but
are included in the
focal lake NWS

. Lake < 10 ha |:| Inter-drainage-lake watershed (IDWS)
I Lake > 10 ha

Isolated and terminal lakes =10 ha are treated
as sinks; their local catchments or closed
networks are excluded from the focal lake IDWS
but are included in the focal lake NWS

[:] Network watershed (NWS)

Local catchment (LC)
— Flow line

- Flow direction

Isolated and terminal lakes <10 ha
are not treated as sinks; their local
catchments are included within the
focal lake IDWS

ycBlueberry
Lake

Fig. 11. Description of watershed definitions that are based on different stream and lake connections in LAGOS-US. See text for details and Fig. 8 for a
decision tree explaining the watershed taxonomy. Note, that our operational minimum lake size is 1 ha (see Technical validation).

2. Pre-process and clean up the NHD vector features
in preparation for burning features into the DEM
raster. Examples of pre-processing are excluding pipe-
lines and ditches with uninitialized flow from the net-

work, trimming headwater flowlines that conflict
with WBD, and identifying wvalid sinks to burn.
(NHDPlusSink).

3. Use the results of step 2 to burn the network flowlines and
waterbodies into the DEM with a beveled drop following
the AGREE methodology (Hellweger and Maidment 1997).
This process forces alignment between the DEM and the
vector network.
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4. Add walls at HU12 boundaries with cuts for flowlines/
streams.

5. Fill sinks in the landscape so the associated regions can
drain into the flow network. Those sinks defined as valid in
prior steps are protected as not fillable. Save the fill depth
as a separate raster. (hydrodem.tif, filldepth.tif).

6. Calculate eight-direction flow using the hydro-conditioned
DEM and clip the flow direction raster to the HU4 bound-
ary. (fdr.tif).

7. Define catchment pour points from the burned flowline
features using the GridCode to translate identifiers to raster
pixel values. (catseed.tif, NHDPlusNHDPlusIDGridCode).
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Delineating LCs: To create a LC for every lake, we reused
and modified intermediate data products in the NHDPlus HR
to build on their processing while also enforcing lakes being
handled as sinks in the network. We then repeated the pro-
cesses of filling sinks, calculating flow direction, and delineat-
ing catchments in the same fashion as was used to create the
NHDPlus HR to maximize geographic alignment with that
data product aside from the influence of our focus on the
lakes. We used these steps to enforce the modifications:

1. Reconstitute the unfilled hydro-enforced DEM by sub-
tracting the cell values of filldepth.tif from those in
hydrodem.tif.

2. Ensure burning all LAGOS-US lakes into the hydro-
enforced DEM.

3. Protect isolated and terminal LAGOS-US lakes as valid,
unfillable sinks in order to delineate LCs for these
waterbodies.

4. Fill excessive small sinks (“NHDWaterbody closed lake” not
included in LAGOS-US population) in the hydro-
conditioned DEM that were indicated as erroneously per-
mitted in the beta version of the NHDPlus HR.

5. Modify the pour points raster catseed.tif to use all LAGOS-
US lakes as primary catchment pour points, prevent artifi-
cial paths associated with lakes from being used as pour
points, and remove any pour points associated with the
excessive small sinks.

6. Calculate eight-direction flow from the modified
hydrodem.tif and clip the output to the same HU4 bound-
ary as the published fdr.tif.

7. Delineate catchments using the modified catseed.tif and
new fdr.tif.

Delineating lake WS and lake NWS by accumulating LCs:
For each lake in LOCUS, the NWS was delineated as an accu-
mulation of all qualifying upstream LCs by tracing the entire
upstream network without defining any flow barrier points to
control the tracing. The traces were calculated using the same
tool (NHDNetwork) that was used to calculate lake connectiv-
ity metrics. If the focal lake had no upstream network
(i.e., isolated and headwater lakes), the NWS delineated is the
same as the focal lake’s LC. If the focal lake had upstream net-
work connectivity, the focal lake’s LC plus all the upstream
catchments were aggregated, dissolved into a single polygon,
and the single polygon had all holes removed. The focal lake
polygon itself (not its catchment) was erased from its own
watershed.

To accumulate the lake WS delineations, we used a
workflow with three major steps: upstream tracing with bar-
riers (i.e., lakes =10 ha), dissolving watershed polygons to
remove sinks aside from those belonging to lakes > 10 ha, and
erasing regions excluded by definition (those with flow sunk
into lakes > 10 ha). The second two steps of this workflow
were necessary to accommodate the geometric operations
needed to sink flow into any non-focal lakes with and without
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outlets > 10 ha, while also incorporating flow from smaller
sinks into the focal lake’s watershed. More details about these
steps, as well as the erasing step are available in the User
Guide (Smith et al. 2021).

Watershed geometry variables

Minimum bounding watershed geometry-based variables were
calculated using ArcGIS 10.5 in the same manner as the
corresponding lake geometry variables described above, using the
convex hull and the rectangle-by-area. The minimum bounding
geometry rectangle is defined as the smallest rectangle by area
enclosing the WS or NWS polygon. The following WS and NWS
variables were generated from the convex hull polygons: the
maximum possible distance between any two vertices of the con-
vex hull (*_mbgconhull_length_m), the maximum width of the
convex hull defined along an axis perpendicular to the axis
defined by the convex hull length (*_mbgconhull_width_m), and
degrees from O (or North) of the line defining the convex hull
length (*_orientation_deg). The following variables were calculated
from the minimum bounding geometry rectangle: the length
(*_mbgrect_length_m) and the width of the rectangle
(*_mbgrect_width_m). Watershed and network watershed/lake
area ratios (*_lake_arearatio) were derived with Calculate Field
in ArcGIS (using *_focallakewaterarea_ha and *_area_ha).
Watershed and network mean width (*_meanwidth_m) were
derived with Calculate Field in ArcGIS using *_area_ha x
10,000 /*_mbgconhull_length_m).

Watershed flags

Several watershed and watershed geometry variables are
associated with flags, some of which are informational
whereas others are cautionary. For example, if the difference
between the area of the WS and the NWS is effectively zero
(< 10 square meters), then ws_equalsnws was set to “Y.” If the
focal lake’s upstream trace did not include any connectivity,
ws_subtype was set to “LC” (local catchment). If the focal lake
had upstream connectivity and the ws_equalsnetwork flag was
“N,” then ws_subtype was set to “IDWS” (inter-drainage-lake
watershed). Otherwise, the flag was set to “DWS” (drainage-
watershed).

We also provide flags for watersheds that cross boundaries
or that have multiple parts. For example, watersheds and net-
work watersheds with their polygon intersecting the U.S. land
border at Mexico or Canada (data source: TIGER) or the oce-
anic or Great Lakes coasts were flagged “Y” on the respective
*_onlandborder, *_oncoast flags. Multipart watersheds and net-
work watersheds (*_ismultipart) were identified in ArcGIS
using the IsMultiPart attribute and flagged with a “Y.”

Occasionally, very skinny “sliver” WS were produced that
appeared to be artifacts from geoprocessing in very flat terrain
or other difficult settings (Fig. 12). To identify slivers
(ws_sliverflag), we created an index of how much a watershed
polygon deviated from a rectangular shape as the ratio
between the WS or NWS area and the area of the
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Fig. 12. Example of watersheds flagged with ws_sliverflag = “Y.” Lake
polygon in blue; watershed polygon in yellow.

corresponding minimum bounding geometry rectangle ([nws
or ws] mbgrect_arearatio). The criteria for assigning a
ws_sliverflag were arrived at by trial and error and based on
multiple criteria (see User Guide for details).

Technical validation

We used existing data sources to create the many variables
that are in LAGOS-US LOCUS. We either copied those data
directly or we created new derived variables by either
processing single variables or combining more than one vari-
able using different functions. Because all variables are based
on underlying public datasets with their own published tech-
nical validation, we do not repeat it here. Instead, we describe
the many steps that we took throughout our workflow to
ensure data quality for the variables in LOCUS.

Note that as is often the case for such integrated, large, and
complex datasets, it was not our goal to definitively differenti-
ate between “good” or “bad” data during technical validation.
Instead, we validated our methods or data to: (1) ensure that
our processing was doing what was intended, (2) ensure
that there were no errors in accounting or data transfer, and
(3) identify where there may be potential data concerns that
may limit some future data users (but not all). Our validation
approach used automated procedures because the large vol-
ume of data in LOCUS could not be processed and evaluated
manually. We created observation-level flags that indicate
some possible concerns or special information for specific data
values that future users may want to consider when using
those data values. The most critical aspect of our workflow
was to use reproducible and transparent methods wherever
possible. We achieved this goal by minimizing manual
processing (i.e., point and click approaches) by using scripts,
incorporating data checks at multiple points, conducting a
final data check on all variables including visualization and
mapping, making our scripts available for other users,
and detailed methodological documentation in extensive doc-
umentation that is published with our data.
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Next, we describe the technical processing used to deter-
mine the minimum lake size for our lake population. Then,
we provide a high-level description of our data validation that
was a critical part of our workflow. We refer the reader to the
methods section of this article, as well as the detailed techni-
cal documentation that is provided with the dataset for addi-
tional details (Smith et al. 2021).

Determining the minimum lake size threshold

The census population of lakes, by definition, represents all
lakes in the conterminous U.S. Therefore, we took steps to
ensure that our lake data source (NHD HR), was not biased
according to lake size. Due to resolution issues, small lakes
could be missed in the digitization process when creating the
NHD HR. Additionally, the NHD is edited on a regional basis,
which could result in differences such that some states might
digitally represent small lakes, whereas others might not.
Therefore, we selected a minimum lake size that was ade-
quately represented across the conterminous U.S. in the NHD
HR to define our lake census population. Next, we describe
the steps that we took to make this determination and to
make the final decision of a 1 ha minimum lake size for
LAGOS-US.

We created a lake size error validation dataset to examine
the effect of lake size on the probability of being represented
in the NHD HR. We selected nine states representing different
physiographic regions of the U.S. (FL, ND, CA, AL, AZ, TX,
WA, WI, IA) to quantify whether lakes were more likely to be
represented in the NHD HR if they were larger. We compared
lakes in the NHD HR with the highest resolution aerial imag-
ery available (generally from the USDA’s National Agriculture
Imagery Program; NAIP). We selected five sampling regions
per state, except for CA where we selected six regions due to
its large size, to manually count lakes in the NHD HR and
aerial imagery. Lakes that were present in imagery but were
not in the NHD HR were roughly digitized. Finally, we calcu-
lated error rates and each lake was assigned an error status.
The 43 sampling regions contained 1074 waterbodies identi-
fied as lakes in the NHD and 137 lakes identified in the imag-
ery but not included in the NHD, for a total of 1211 lake
candidates included in the assessment. Of these, 996 were
identified as lakes by both the NHD and our assessment.

We found that the proportion of “correct” lakes in the
NHD HR varied by lake surface area, but that there was no
definitive threshold size class (Fig. 13a). Lakes > 9 ha were over
91% correct and lakes > 10 ha were 95% correct; however,
because there are hundreds of thousands of lakes smaller than
9-10 ha (Fig. 13b), we decided to accept a higher mis-
classification rate. Lakes that are 1-2 ha in size have a 77%
correct rate; however, if we combine the entire lake size error
validation dataset, then the overall correct rate is 82%. In
comparison, using a 2, 3, or 4 ha minimum lake size results
in overall correct rates of 86%, 87%, and 87%, respectively. In
fact, there was little evidence for a clear threshold (Fig. 13a).
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Fig. 13. Results from the error analysis using the 1074 lakes in the “lake size error validation dataset.” The proportion correct, the proportion of false-
positives, and the proportion of missing lakes by lake surface area class (size class, ha) (a). The number of sampled lakes by size class in the “lake size error

validation dataset” (b).

We determined that a minimum size of 1 ha would include
the largest lake population with a reasonable error rate. There-
fore, we include lakes > 1 ha in LAGOS-US LOCUS census lake
population.

Data validation

The data check step was intended to ensure that the pro-
cedures used to create the feature values for LOCUS
resulted in the intended outcomes. We queried each of the
feature values generated by geoprocessing to identify
potential data or geoprocessing issues and verify that data
values are sensible (e.g., are within expected ranges and
expected completeness of data). These checks were per-
formed using semi-automated R scripts that imported each
feature individually to run it through a companion R mark-
down script that queried the data, ensured comparability
with the source GIS layer and data dictionary, summarized
values and features (e.g., numbers of missing data, data
that were negative, zeroes), produced maps of variables,
and automatically generated scores for five main evalua-
tion criteria (i.e., match with GIS data, match with meta-
data, percent composition sums check, spatial completion
check, and missing values check). This entire process was
documented in a full technical validation summary report
in html format.
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Data limitations

Due to the large number of lakes in LOCUS, we automated
processing of lake and watershed polygons and the attributes
provided by the NHD source data. Prior to data analysis, users
should always consult the observation-level flags we created
for the issues described above. In addition to these flags, we
are aware of three other potential limitations. First, we recog-
nize that the decision to only represent lakes > 1 ha in LOCUS
may exclude locally important lakes smaller than this thresh-
old. There are likely regional differences in the presence of
small lakes, as well as the perceived importance of them. For
example, using lake names in the GNIS dataset, more lakes
<1 ha are named in the Southwest U.S. compared to the
Upper Midwest and Northeast U.S., suggesting their regional
importance. Second, our watershed delineations do not
account for altered hydrological inputs (e.g., irrigation) that
may be important influences on surface flowpaths in some
cases. Third, because the foundation of LOCUS is the NHD
HR, any limitations of the NHD HR apply to LOCUS. For
example, the NHD HR is known to have delineation errors
for some waterbodies, particularly those that fluctuate in
depth (and thus, shape and perimeter) through time. Because
LOCUS is based on a snapshot in time, it does not represent
these fluctuations, nor does it include any updates made to
the NHD HR following the download of our snapshot. How-
ever, we were able to fix one known issue with the NHDPlus
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HR at the time of our download—that of extra sinks not con-
nected to the hydrological network. We removed these sinks
prior to creating lake watersheds and incorporated several
rules in our watershed accumulation algorithms that checked
for these and other sinks.

Data use and recommendations for reuse

We are making these data available as soon as they have
been completed; therefore, just two articles have been publi-
shed using a small part of this data module to date—lake
names in the conterminous U.S. (Soranno et al. 2020) and
lake point and polygon GIS vector files (McCullough
et al. 2019). Because this data module includes all lakes and
their watersheds in the conterminous U.S., characteristics of
both lakes and watersheds, and GIS files, it is likely that this
data module will be used as a base dataset for many future
macroscale or continental-scale analyses of lakes. For example,
LOCUS can be combined with the other two LAGOS-US core
modules (LIMNO and GEO), the four in-progress extension
modules (DEPTH, NETWORKS, RESERVOIR, LANDSAT), as
well as with other data sources (see below). Finally, we have
designed LOCUS, and all of LAGOS-US, so that users can
develop additional extension modules (gray boxes and dashed
lines in Fig. 2).

Comparison with existing datasets

This data module fills gaps in pre-existing open datasets.
We provide watersheds for all lakes, in addition to a GIS data
layer for future users to conduct their own analyses on all
lakes and watersheds in the conterminous U.S. We have sum-
marized all open data national-scale lake databases for the
U.S. (Table 1) that will be helpful for future researchers con-
ducting research in the conterminous U.S. or compiling data
by country for a global analysis. No single database is likely to
have everything a researcher conducting macroscale research
on lakes might want. An examination of the gaps in Table 1
inspired us to create the LOCUS lake_link table that connects
these different datasets through a common unique identifier
(lagoslakeid), which will facilitate future macroscale lake stud-
ies. We also include key information that influences a
researcher’s ability to harmonize these different datasets, such
as minimum lake size, the inclusion of lakes and reservoirs,
and the total number of lakes in the dataset. A similar table
could be constructed for global lake datasets; however, there
are far fewer such datasets that include the range of variables
in LOCUS or the datasets in Table 1. Furthermore, there are
few global datasets that include all lakes, particularly those as
small as 1 ha. An important future direction is to contribute
to global studies by building the capacity to create these types
of macroscale databases for all countries.
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Code URL with permanent identifier

The code for the GIS processing to create many
variables in the dataset is referred to as the LAGOS GIS
Toolbox and is available in the data and metadata reposi-
tory above.

Measurement(s)

Geographic location, boundaries, area, and other geometries.

Technology type(s)
NA

Temporal range
2010-2019.

Frequency or sampling interval
Snapshot.

Spatial scale
Continental.
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