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Abstract

Lake morphometry is a driver of limnological processes, yet digitized bathymetry is lacking for most lakes. Here,
we describe a method for efficiently extracting hypsography from bathymetric maps using ImageJ. To validate our
method, we compared results generated from two independent users to those obtained from digital elevation
models for 100 lakes. The mean absolute difference between hypsographic curves extracted using Image]
vs. digital elevation models (DEMs) was 0.049 (95% CI 0.041-0.056) proportion of lake area, suggesting that
Image] provides accurate hypsography. We calculated the mean absolute difference between the two users (0.016;
95% CI: 0.011-0.021), which suggests high interobserver reliability. Finally, we compared DEMs to an interpolated
hypsography using only the maximum lake depth and found large differences. We apply this method to extract
data for 1012 lakes. Our data and approach will be useful where bathymetric maps exist but are not digitized.

Lake morphometry (i.e., lake depth, area, and volume) is an
important driver of chemical and biological properties in lakes.
Morphometry impacts almost all transport processes in lakes,
including sedimentation, resuspension, mixing, and burial of
lake substances (Carpenter 1983; Hakanson 2005). Lake area
and depth are also important in determining a lake’s thermal
regime (Stefan et al. 1996; Pal’shin et al. 2008; Winslow
et al. 2015). The thermal regime influences duration and
strength of stratification, which consequently regulates oxygen
levels and oxygen depletion events (Gorham and Boyce 1989;
Hakanson 2004). In addition, a lake’s depth profile in part
determines volume, which alters water retention time and in-
lake processes such as primary production and nutrient reten-
tion (Carpenter 1983; Kalff 2002; Algesten et al. 2004).

Despite the importance of depth for limnological processes,
lake-rich landscapes often lack even the most basic information
on depth. For example, of the 479,950 lakes with a surface area
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over 4 ha in the coterminous United States, maximum depth
data are available for only 17,765 lakes (3.7%), and mean
depths are available for only 1360 lakes (0.28%) (Stachelek
et al. 2021). Lake depth data are required for landscape-level
models of lake temperature (Rose et al. 2016; Winslow
et al. 2017), deep-water dissolved oxygen (Jacobson et al. 2010),
total phosphorus (Cross and Jacobson 2013), and cold-water
fish habitat (Herb et al. 2014).

The dearth of information on lake morphometry has led to
several efforts to predict lake morphometric characteristics
(e.g., maximum depth, mean depth, and volume). Studies have
predicted morphometry from different combinations of catch-
ment and lake characteristics (e.g., local slope, lake surface area,
lake perimeter, maximum depth, and in-lake distance from the
shoreline) with mixed results (Hollister and Milstead 2010; Hol-
lister et al. 2011; Sobek et al. 2011; Heathcote et al. 2015; Oliver
et al. 2016). Recent efforts have focused on calculating and pro-
viding these data globally (Messager et al. 2016; Khazaei
et al. 2022). The most powerful mean depth predictor is gener-
ally local slope (Sobek et al. 2011; Heathcote et al. 2015), but
the relationship between mean depth and slope is insufficient
(R*> of 0.31-0.52) for many practical applications (Sobek
et al. 2011; Heathcote et al. 2015). A simple method to derive
morphometric variables is to assume a consistent lake shape
(for more discussion, see Hollister and Milstead 2010), which is
often done by using maximum lake depth to calculate
hypsography (Read et al. 2014; Winslow et al. 2017). Recent
work has suggested remote sensing and LIDAR can be accurate
measures of depth but most work has been done in shallow
waters, and equipment can be cost prohibitive (Schwarz
et al. 2019; Ai et al. 2020).
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Lake morphometry is generally measured using echo sound-
ing and visualized using bathymetric contour maps (Fig. 1A).
Currently, consumer-grade depth finders can produce high-
quality bathymetric maps (Dost et al. 2008), but digitized data
produced by most consumer software are protected by copy-
right and not readily available to researchers. To enable the cal-
culation of basic limnological variables (e.g., mean depth,
volume, proportion littoral, water residence time), paper
(or PDF) bathymetric contour maps can be digitized and
georeferenced to create digital elevation models (DEMs), which
provide gridded values of lake depth at regularly spaced inter-
vals. These DEMs can be summarized as lake hypsography
(i.e., lake area at or below various depths), and hypsographic
curves can be used to calculate lake volume and other relevant
variables (Fig. 1B). Unfortunately, obtaining or producing
hypsographic data can be difficult because bathymetric data are
often only available in unpublished tables and agency paper
maps, and creating georeferenced DEMs requires substantial
time and expertise. These limitations have led to a deficiency in
lake depth data over broad spatial extents (Stachelek
et al. 2021).

The goal of this project was to develop a method for accu-
rately and rapidly digitizing hypsographic data. We used the
open-source image processing software Image] (Rueden
et al. 2017) to extract hypsographic information from publicly
available bathymetric maps. Using this method, we were able to
build a hypsographic dataset quickly and accurately for lakes
across Minnesota, South Dakota, and Wisconsin, U.S.A. (Rounds
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et al. 2022). To assess the accuracy of our method, we calculated
mean absolute difference of ImageJ-derived hypsographic
data relative to hypsographic data extracted from spatially
georeferenced DEMs. To show that ImageJ-derived
hypsography is replicable across users, we calculated mean
absolute difference between hypsographic data from two
independent processors. In addition, we calculated mean
absolute difference of hypsography generated by assuming a
consistent lake basin shape and known maximum depth to
compare with the accuracy of ImageJ-derived hypsography.
Finally, we compare the lake volume calculated from DEMs
to ImageJ and hypsography generated by assuming a consis-
tent lake basin shape. We present here both the
hypsographic data and the method for extracting such data
from bathymetric maps to enable other researchers to
employ similar approaches to increase the availability of lake
morphometric data globally.

Materials and procedures
Digitizing bathymetric maps with Image]J

We obtained bathymetric maps as PDFs from the state
agencies in Minnesota, South Dakota, and Wisconsin. These
maps are a historical dataset on lake depth characteristics. We
consulted with state agency data managers to ensure
we obtained the most complete and up-to-date set of bathy-
metric maps. The scale of the maps varies greatly between
lakes with the scale being directly related to lake surface area.

Depth (feet)

0.50 1.00

Proportion Area

0.00 0.25 0.75

Fig. 1. Conceptual diagram showing a bathymetric map (A) and a hypsographic curve for the map (B). Notice the hypsographic curve starts in the
upper right corner with all of the lake at O ft and the proportion area decreases until there is no lake area at the maximum depth of 56 ft.
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Contour intervals for these maps were most commonly 5 ft,
but in some instances, lakes had contour intervals at 1, 3,
5, or 10 ft.

Initial preprocessing was necessary before we were able to
extract data from bathymetric maps. After obtaining the maps,
we converted PDF files to TIFF files. Individual lake image files
were imported into Image] and examined for completeness.
Most lakes required modifications to the contour lines because
Image] can only measure polygons that are fully enclosed.
Using the Drawing tool, we filled breaks in all contour lines to
create complete polygons (the tool allowed us to draw in new
segments; Supporting Information Fig. 1). This step was com-
pleted for each contour line until every contour was a fully
enclosed polygon. In some instances, contour lines would
touch other contour lines, in which case we used the Erase
tool (allowing us to erase overlapping segments) followed by
the Drawing tool to create separate contour lines (Supporting
Information Fig. 2).

After initial preprocessing, we measured the areas inside
contour lines in square pixels. If the maximum depth of a lake
was represented by a point (and not a contour interval), we
recorded that depth as having zero area. Once we had the area
inside each contour line, we divided each area by the total sur-
face area of the lake (in square pixels). The result is propor-
tional areas of the lake between contour lines. Lake
hypsography was then calculated as the cumulative propor-
tion of lake area at or below the depth of each contour line
(“below” meaning “at greater depth”). Multiplying these pro-
portional areas by the surface area of the lakes gives physical
areal units of hypsography. A step-by-step video tutorial can
be found accompanying the dataset (Rounds et al. 2022) and
more specific methods can be found in the Supporting
Information.

Accuracy and agreement of Image] hypsography

We validated the results of ImageJ-derived hypsography in
three ways. First, we calculated the mean absolute difference
(MAD) and mean signed difference (MSD) between
hypsography we digitized with Image] and fully digitized
hypsography from DEMs for a subset of 100 lakes. Second, we
evaluated the reproducibility of this method by comparing
the MAD and MSD between two separate ImageJ users. Third,
we created null hypsography by using lake maximum depth
and assuming a consistent lake depth profile (i.e., area of a
lake decreases linearly with depth) and calculated the MAD
and MSD between null hypsography and hypsography derived
from DEMs. We then used these metrics to compare the rela-
tive performance of ImageJ-derived hypsography vs. null
hypsography in approximating the DEM hypsography. To
contextualize our work, we calculate symmetric mean absolute
percent error (SMAPE) between DEM-derived volume and vol-
ume derived from ImageJ] and null hypsography.

We assessed the accuracy of hypsography extracted from
bathymetric maps using ImageJ by comparing our results to

617

Digitizing lake bathymetric data

hypsography from fully digitized, spatially referenced
bathymetric maps available as DEMs from the Minnesota
Department of Natural Resources ((https://gisdata.mn.gov/
dataset/water-lake-bathymetry, last accessed August 2020). The
test of agreement was done by randomly selecting 100 Minne-
sota, U.S.A. lakes for which high-resolution DEMs of lake depth
were available. Two users digitized the 100-lake set separately
using the Image] methods described above and without knowl-
edge that depth data existed for these lakes. For these 100 lakes,
we converted the DEMs to raster data using the R package “ras-
ter” (Hijmans and van Etten 2012), computed cumulative lake
areas at depth (typically at 1 ft depth intervals), and converted
physical areas to proportional areas by dividing by lake surface
area. We then compared each DEM and Image] hypsographic
curve using proportional area over the full range of depths cov-
ering both curves. The area-at-depth relationships were linearly
interpreted at 0.1 ft intervals (from O to the largest maximum
depth of the digitizations) for both curves so that area could be
compared at the same depths. Agreement between Image] and
DEM hypsography was quantified by calculating the MAD in
proportional area, defined by the equation

N (Digitizedi’i —DEMi,j) |
Nj

MAD; = (1)

where N; = D;/Ad is the number of depth contours for lake j,
D; is the maximum depth of lake j (largest of the Image] or
DEM maximum depths, rounded to one decimal place), Ad is
the depth resolution after interpolation (set to 0.1 ft),
Digitized;; is the interpolated lake area from the digitized
Image] curve at depth i for lake j, DEM;; is the interpolated
lake area from the DEM curve at depth i for lake j. For lakes
with high levels of disagreement (MAD >0.1 proportion of
lake area), hypsographic curves were compared visually to
determine reasons for differences. We also calculated the MSD
between the hypsographic data from Image] and the DEMs in
order to determine the directionality of observed differences.
The MSD is calculated in the same way as MAD but without
the absolute value in the numerator.

To determine how different users impact the accuracy of
Image] digitization we calculated the MAD and MSD using the
hypsography digitized by two different ImageJ processors.

Z?ﬁl | (Processor One; j — Processor Two ;) |

Interobserver MAD; = N
j

2)

The equation for interobserver MAD uses the same nota-
tion as defined in Eq. 1, where the same interpolations were
used as in the Image] vs. DEM comparison above. This calcula-
tion is similar to the MAD, but we are comparing ImageJ pro-
cessor performance instead of differences between Image]
digitizations and DEMs.
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To determine how previous assumptions of lake depth
compare to the accuracy of Image] digitizations we calculated
MAD and MSD for a “null hypsography” method. We utilized
the generate_hypsography() function from the R package
“glmutils” (Stachelek 2022) to generate null hypsographic
models based only on the maximum depth of a lake. This
function estimates lake area at each depth using a linear inter-
polation of maximum depth, sometimes known as the cone

07004700 13002700

—304 —10
—101

—60 —201
—201

—90 1 304

2
o

Digitizing lake bathymetric data

method (Hollister and Milstead 2010). While generating null
hypsography we used the maximum depth from the DEMs,
the same number of layers as the DEM maximum depth, and
only included results from the linear interpolation of maxi-
mum depth (all input variables for the generate_hypsography
function). It should be noted that an ellipsoid interpolation of
max depth is also available in glmutils, but MAD for the ellip-
soid interpolation was consistently double that of the linear
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Fig. 2. Hypsographic curves for example lakes showing high levels of agreement (mean absolute difference <0.015) between hypsography generated
from Image] and the lake digital elevation models. Panel titles indicate lake identifiers.
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interpolation (average MAD = 0.38 proportion of lake area).
We compared the MAD and MSD calculated from the null
hypsographic curves vs. the DEM to the MAD and MSD cal-
culated from Image]J digitizations vs. the DEM. This compari-
son shows the differences in accuracy between a method that
has been used previously and digitizing bathymetry using
Image].

To assess how lake volume calculations differed between
DEMs and the Image] and null hypsography we calculated the
volume of each lake following Kalff (2002). To compare
the difference in calculated volume between the DEMs and
Image]J, we calculated SMAPE, given by

Digitizing lake bathymetric data

SMAPE;; = 100

1 | Reference volume; — Digitized volume; |

n (Reference volume; + Digitized volume; i) /2

)

where i refers to method i (with method being either Image]J
processor 1, Image] processor 2, or the null hypsography),
j refers to lake j and n is the number of lakes in the set. Refer-
ence volume is the volume calculated for the DEM. SMAPE is
a value reflecting how close two measurements are to each
other with small values indicating more similar measurements
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Fig. 3. (A) MAD between hypsographic curves generated from Image] or the null hypsography vs. DEMs for 100 validation lakes. Smaller values indicate
higher agreement. (B) MSD between the hypsographic data generated from Image] or the null hypsography vs. DEMs. Values above zero indicate the
method is estimating larger lake area on average across the depth ranges compared to the DEM.
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and large values indicating measurements that are further
apart. We also calculated the lake volume SMAPE for the two
Image] processors (by using processor 1 as the reference vol-
ume in Eq. 3) to determine how volume calculations differed
between users.

Assessment

In our analysis of 100 lakes across Minnesota, we found
high agreement between hypsographic curves generated using
Image] and those generated from lake DEMs (Fig. 2). The aver-
age MAD between Image] and DEM hypsographic curves
across lakes was 0.046 proportion of lake area (95% CI: 0.035-
0.057; Fig. 3A) for processor 1 and 0.051 (95% CI: 0.040-
0.062; Fig. 3A) for processor 2. The average MSD across lakes
was 0.033 proportion of the total lake area (95% CI: 0.021-
0.046; Fig. 3B) for processor 1 and 0.037 for processor 2 (95%
CI: 0.024-0.050; Fig. 3B). There were instances of noticeable
differences in the hypsography generated from bathymetric
maps and lake DEMs, with 14 lakes having MAD >0.1 (Fig. 34A;
Table 1). However, most of the hypsographic curves matched
well, with MAD <0.05 for 78% of lakes.

The comparison between the two Image] processors had
high agreement indicating the Image]J’s inter-observer reliabil-
ity. The average MAD from the two processors was 0.016 pro-
portion of lake area (95% CI: 0.011-0.021). The average MSD
was similarly small at —0.004 proportion of lake area (95% CI:
—0.010-0.002). In this comparison there were three lakes for
which inter-observer MAD exceeded 0.1. These differences
were the result of user error while digitizing (Table 1—Reason
behind Disagreement = User error).

The hypsographic curves generated by using maximum
lake depth and assuming a linear interpolation of depth (the

Digitizing lake bathymetric data

null hypsography) differ from DEM hypsography substantially
more than the ImageJ approach (Fig. 3). The average MAD of
the null hypsography was 0.150 proportion of total lake area
(95% CI: 0.134-0.167; Fig. 3A). In total, 9% of the null
hypsographic curves had a MAD <0.05 proportion of total lake
area. In addition, the average MSD of the null model was also
much higher than that reported for ImageJ (0.108 proportion
of total lake area, 95% CI: 0.082-0.134; Fig. 3B).

The volume calculations between Image] and the DEMs
were highly similar and replicable between users while volume
calculations from the null hypsography was less accurate. The
SMAPE for the 100 lake set with the DEMs and processor
1 was 10.8% while processor 2 had a SMAPE value of 12.3%.
The between Image] user SMAPE was calculated to be 3.7%
highlighting the replicability between users. The SMAPE for
the null hypsography compared to the DEMs had a much
larger SMAPE value of 35.3% indicating much poorer perfor-
mance from the null model compared to Image]J digitizations.

Discussion

We present a new method for rapidly and accurately
digitizing lake bathymetric information and extracting
hypsography using the open-source software Image]J. To assess
the accuracy of ImageJ digitizations of bathymetric maps, we
calculated differences between DEM and Image] hypsographic
curves. We found that hypsography matched well between
the approaches with an average MAD of 0.049 proportion of
lake area. To determine interuser replicability, we calculated
differences between hypsographic curves generated from two
different ImageJ users. In this case, MAD between users was
low, at 0.016 proportion of lake area. We also calculated differ-
ences between DEM and null hypsography. We found the null

Table 1. Explanation of discrepancies between hypsography measurements generated from Image) and from digital elevation models
for lakes with a MAD > 0.1. Minnesota DNR lake ID (DOW), lake name, lake county, and MSD are also given. MAD and MSD are aver-

ages between both processors.

Dow Lake name County Reason behind disagreement MAD MSD

03048400 Ellison Becker User error 0.151 0.151
11011700 Twenty-six Cass Difference between maps 0.160 0.160
13005400 Little comfort Chisago Difference between maps 0.111 0.086
30014300 N. Stanchfield Isanti User error 0.170 0.170
33003600 Fish Kanabec Few contour lines, difference between maps 0.209 0.209
38053900 Cloquet Lake Few contour lines, difference between maps 0.138 0.138
47006400 Erie Meeker Difference between maps 0.116 0.116
58014200 Pokegama Pine Difference between maps 0.127 0.127
61007800 Reno Pope Difference between maps 0.167 0.168
69004400 Butterball St. Louis Few contour lines 0.214 0.214
69039700 Clearwater St. Louis Difference between maps 0.144 0.144
69074200 Ban St. Louis Difference between maps 0.279 0.279
71004600 Diann Sherburne Few contour lines 0.261 0.261
86024200 Wiegand Wright User error 0.156 -0.156
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Fig. 4. Relative hypsographic curves for shallow lakes with few contours. The hypsographic curves differ due to the difference in the spatial resolution of
the original bathymetric maps and the spatially interpolated DEMs, as well as differences in maximum depth.

hypsography to be substantially less consistent with DEM-
derived hypsography and volume, with an average MAD of
0.150 proportion of lake area. Although our method relies on
the use of existing bathymetric maps, we believe using Image]J
to digitize existing bathymetric maps will greatly increase the
number of lakes for which area-at-depth measurements exist.
Hypsography generated from Image] differed from digital
elevation models for three main reasons (Table 1). Differences
were most commonly due to actual discrepancies between the
two data sources (9 of 14 lakes). In some cases, maximum
depths recorded on the scanned historical bathymetric maps
and DEMs differed (differences in y-intercepts in Fig. 4). In
other cases, differences in the resolution of the contour lines
of the maps produced differences in hypsography. Low resolu-
tion or few contour lines influenced data quality in four lakes,
all of which had a maximum depth of less than 12 ft. These
shallow lakes had a relatively high MAD because bathymetric
maps only had contour lines every 5 ft (sometimes every
10 ft), resulting in a small number of contours available for
measurement in ImageJ. The low-resolution hypsographic cur-
ves produced using Image] contrast with the higher-resolution
depth data produced through spatial interpolation in the
DEM. Even if the areas at the contour lines match
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the corresponding areas in the DEM, there is still likely to be a
difference in the shape of the hypsographic curves because of
the spatial interpolation used when creating the DEM
(e.g., Fig. 4). Finally, hypsography for three lakes differed due
to user error in digitization, particularly for multi-basin lakes.
In these instances, the user digitized the wrong lake or portion
of a lake that was present on the same PDF document.

The MSD calculation indicates the directionality of the dif-
ferences between hypsographic curves. Integrating a lake
hypsographic curve gives lake volume. Thus, the positive MSD
calculated for ImageJ implies that the estimate of lake volume
from the digitized map will be larger than the lake
volume estimate from the DEM. From the comparison of the
bathymetric maps and DEMs, we found that a contributing
factor to this phenomenon is that the maximum depth of the
bathymetric maps was often greater than the maximum depth
of the DEM. Seven of the nine lakes with differences in maxi-
mum depths had a bathymetric map with a greater maximum
depth than the DEM. The null hypsographic curves had even
higher MSDs than Image], indicating the null approach esti-
mates lakes to have greater volumes than Image].

The MAD and MSD calculated between the two Image]J
processors was low indicating high inter-observer reliability.
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Fig. 5. Map of 1012 Image] digitized lakes. Turquoise closed triangles represent the 100 validation lakes, Tan open circles represent the lakes for which

digitized hypsography was previously nonexistent.

Our method requires that individual users at times make
subjective decisions and thus it is important to measure
inter-observer reliability and reproducibility (Martin and
Bateson 1993). The low values for average MAD and MSD
between Image] processors suggest that hypsographic calcula-
tions are highly consistent between users.

The comparison of null hypsographic models and DEMs
indicated the null hypsographic models are not accurate
depictions of lake hypsography. The MAD of the null model
vs. DEMs was consistently three times higher than the MAD
of Image] digitizations vs. DEMs. However, we found the lin-
ear interpolation of hypsography performed much better than
an ellipsoidal interpolation for hypsography and volume. In
cases where no bathymetric maps exist for a lake but there is a
maximum depth estimate, we suggest researchers use a linear
interpolation of maximum depth.

Lake volume was found to be well represented by Image],
was consistent between Image] users, and was vastly better
than null hypsographic models. Estimates of lake volume pro-
duced using ImageJ] are more accurate than the null method
or predictive models of lake depth (Messager et al. 2016).
Global scale maximum and mean depth measurements are
incredibly important for limnology. The data and methodol-
ogy we provide will supplement these efforts by increasing the
amount of accurate reference data that may not be available
in key areas.

Our method of using ImageJ to digitize bathymetric maps
allows for consistent, accurate, and efficient extraction of
hypsographic data. The methods described here are supporting
ongoing work to estimate thermal and optical habitat for lakes
throughout the Midwestern United States but are applicable to
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lakes worldwide. Rapid estimation of lake morphometry has
already increased the number of lakes for which temperature
modeling is possible in the Midwestern United States (Fig. 5).
Given the importance of lake depth for numerous limnological
processes, we anticipate that this methodology will be useful for
multiple applications. Any analysis that requires information on
lake volume, mean depth or hypsographic curves will benefit
from this method, such as landscape models of lake temperature
(Rose et al. 2016; Winslow et al. 2017) or thermal-optical habitat
(Lester et al. 2004; Hansen et al. 2019). Our methodology is easy
to apply and accurate, and relatively time efficient. We found
the time to digitize a lake using Image]J is highly dependent on
lake morphometry (lakes that have complicated morphometry
take longer to digitize). For simple lakes, Image] can produce
digitizations within a few minutes, but we estimate an average
lake will take 15 min to digitize (although really complex multi-
basin lakes can take much longer). We encourage others to con-
tinue this work to increase our knowledge of lake morphometry
worldwide. Such applications will increase our ability to evaluate
regional, national, and global patterns in lakes.

Comments and recommendations

We recommend other researchers use Image]J for the extrac-
tion of hypsographic data when appropriate. One example of
a use-case is when there are numerous undigitized bathymet-
ric maps that are necessary for a study. Bathymetric maps are
often widely available, and the potential uses of the
hypsographic data contained within these maps are great. To
ensure that hypsographic data derived from Image] are accu-
rate, we recommend users take a similar approach as described
in this work. The comparison of ImageJ-derived hypsography
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with existing hypsographic data will allow for the accuracy of
each user to be evaluated and ensure robust depth data.

Data availability statement
The dataset and metadata with permanent identifier are
available in Rounds et al. (2022).
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