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ABSTRACT

The European Standard EN 16039:2011 provides guidelines for assessing lake hydromorphology within the Water Framework

Directive and includes methods for estimating volume, mean depth, and maximum depth based on statistical models applied to
data from topographic maps. We tested the predictive accuracy of these models using independently collected bathymetric data
from 35 Swedish lakes. The models had no predictive power, and the maximum depth predictions were inversely correlated with
the observed values. The mean absolute percent error was 46% for volume and mean depth, and 85% for maximum depth. The

models are flawed and should not be used.

1 | Introduction

Bathymetric surveys are time consuming and prohibitively
expensive for large numbers of lakes—a major challenge for
evaluating lake ecological status because volume and maxi-
mum depth are key constraints on many ecosystem charac-
teristics (Boon et al. 2019; Cael, Heathcote, and Seekell 2017;
Cael and Seekell 2022). This has motivated a series of empiri-
cal studies seeking to predict lake-specific volume and depth
based on surface area and other easily mapped characteris-
tics, typically some metric of vertical relief within the catch-
ment (Cael and Seekell 2022). Empirical relationships of this
nature are often criticized for being conceptually weak and
not being useful when applied to specific cases because the
use of logarithmic scales results in wide prediction intervals
(Pace, Findlay, and Lints 1991; Cael and Seekell 2022). Despite
this, these empirical relationships are rarely subjected to in-
dependent validation (Pace, Findlay, and Lints 1991; Mufioz
et al. 2020; Archer et al. 2021).

The European Committee for Standardization (CEN) Standard
EN 16039:2011 contains guidance on assessing the hydromor-
phological features of lakes. The purpose of this standard is to fa-
cilitate comparisons between lakes during habitat assessments,
especially those made within and among European countries to
comply with the European Water Framework Directive, a major
international environmental policy that commits all European
countries to achieve good water quality in lakes, rivers, and
coastal waters (Boon et al. 2019). The CEN standard is the of-
ficial technical standard for the Water Framework Directive
(Boon et al. 2019).

The CEN standard includes methods for estimating volume,
mean, and maximum depth based on the sequential applica-
tion of three statistical models to data derived from topographic
maps. However, the methods are suspect—the researcher that
originally published the methods also reported that they had
little predictive power when applied to the calibration dataset
(Hakanson 1999). Unfortunately, this was not clearly disclosed
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in the same researcher's book (Hékanson 2004), which is
cited by the CEN standard as the source of the method.
Additionally, despite being adopted as a European standard,
the models have apparently never been evaluated with inde-
pendent data, which has long been recognized as the ideal way
to validate predictive models (Snee 1977; Pace, Findlay, and
Lints 1991).

In this paper, we test the method for estimating volume, mean
depth, and maximum depth in CEN Standard EN 16039:2011
using independently collected bathymetric and catchment data
for 35 Swedish lakes. We use several metrics of prediction error
to compare our direct measurements to predictions from the
statistical approach. Finally, we discuss the practical implica-
tions of our findings in the context of the Water Framework
Directive.

2 | Methods

2.1 | Overview of the CEN Method

The approach in CEN standard comes from Hakanson (1999,
2004). First, a metric of catchment relief C; (dimensionless) is

calculated based on catchment area (C,, km?) and the catch-
ment's elevation range (C,, m):

CRZCZ/\/C_A

Second, lake-specific volume (L, km?) is estimated based on
lake area (L ,, km?) and the catchment relief metric Cy:

log (1000 X Ly ) = 0.134 + 1.224 x log (L4) + 0.332 x log (Cy)

Finally, lake-specific maximum depth (z,,, ., m) and mean depth
(Zyean» M) are estimated based on the estimated lake volume and
the observed lake area:

108 (Zunax) = —4:202+4.558 x (1000X Ly )" —1.008 xlog (L, )
Zmean = 1000 (LV/LA)

In practice, mean and maximum depth will always be esti-
mated using the predicted volume. If bathymetric surveys

for volume have been completed, mean and maximum depth
would be calculated directly rather than with models.

2.2 | Data

Data suitable for validating the CEN approach should meet
three criteria:

1. the lakes should cover the typical ranges of morphometric
measurements for lakes generally,

2. the bathymetry should be measured using a single widely
used method, and

3. the sample size should be sufficient to precisely estimate
metrics of prediction error.

Based on these criteria, we selected a bathymetric dataset of 35
lakes in the mountainous region of northern Sweden. The lakes
were part of a larger comparative stu dy that used a common
set of methods and are distributed between clusters in the south-
ern, middle, and northern portions of the region to cover its
major geophysical gradients (see map in Klaus, Karlsson, and
Seekell 2021). Sweden's mountains are an example of a region
where applying the CEN methods would be especially valuable
due to the added difficulty and expense of reaching them for
depth sounding.

The lakes cover the typical range of most morphometrics, with
the only notable deviation being to smaller surface areas, which
are the most abundant and more likely to be unmapped com-
pared with larger surface area lakes (Table 1; Seekell 2018).
Additionally, the sample is 52% larger than the minimum (n =23)
necessary to validate the CEN method (Text S1). Hence, the
dataset meets the criteria needed to validate the CEN method.

The methods and data for locations, surface areas, lake surface
elevation, and mean and maximum depths were previously
published by Klaus, Karlsson, and Seekell (2021), Norman
et al. (2022), Verheijen et al. (2022), and Karlsson et al. (2024).
Briefly, the values derived from bathymetric data collected
using an echo sounder with an internal GPS antenna (Lowrance
HDS-5 Gen2) were interpolated using ordinary kriging (Klaus,
Karlsson, and Seekell 2021). Volume and mean depth were cal-
culated based on these maps, and it is assumed that the maxi-
mum recorded depth is the maximum depth.

TABLE1 | The morphological characteristics of the study lakes compared with typical values.

Median in Range in
Characteristics this study this study Typical value Source for typical value
Latitude 66.1° 63.3-68.5° 45-75° Verpoorter et al. (2014)
Maximum depth 9.2m 2.3-31.2m <20m Seekell and Cael (2023)
Mean depth 2.8m 0.8-10.9m <10m Cael, Heathcote, and Seekell (2017)
Lake area 0.07km? 0.02-0.4km? 0.01-10km? Seekell, Cael, and Bystrom (2022a)
Catchment area 1.17km? 0.08-12.4km? 0.01-10km? Seekell, Cael, and Bystrom (2022a)
Drainage area relief ratio 105 40-284 0-200 Hakanson (1999)
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We added to these data by calculating catchment areas for
the lakes using Sweden's national 1-m digital elevation model
and typical hydrological methods based on flow direction and
accumulation. The highest point in the catchment, needed to
calculate catchment relief C,, was identified using the digital
elevation model. Catchment relief C, is the maximum eleva-
tion in the catchment minus the lake elevation.

2.3 | Empirical Analysis

We predicted volume, mean depth, and maximum depth for
each lake using the CEN method and then evaluated the pre-
dictions graphically and with deviance measures. Specifically,
we first evaluated plots of predicted versus observed values,
long understood as one of the simplest but most powerful
methods for model evaluation (Mayer and Butler 1993). Next,
we calculated mean absolute error and mean absolute percent
error as measures of deviance (Loague and Green 1991; Mayer
and Butler 1993). Finally, we calculated the Nash-Sutcliffe
modeling efficiency index (NSE), which describes the fit of
predicted and observed values around a 1:1 line (Loague and
Green 1991). For a hypothetical model with perfect predictions,
mean absolute error and mean absolute percent error would be
0, whereas modeling efficiency would be NSE =1. In hydrolog-
ical analyses, NSE < 0.5 indicates an unsatisfactory model, and
NSE <0 indicates a model that produces predictions that are
less accurate than simply using the mean (Moriasi et al. 2007).

We used a variety of Python packages for geospatial data pro-
cessing and hydrological analysis including “geopandas”
(Jordahl et al. 2020), “rasterio” (Gillies 2019), “shapely” (Gillies
et al. 2024), NumPy (Harris et al. 2020), and gdal, ogr, and osr
(GDAL/OGR contributors 2024). We also used WhiteboxTools
for hydrological processing (Lindsay 2016). Our statistical anal-
yses were conducted with R using the “metrica” package (R Core
Team 2023; Correndo et al. 2022). The data used in our analysis
are archived on Zenodo (doi: 10.5281/zenodo.12655243) and an
R script for our analysis included in the Supporting Information.

3 | Results

The CEN methods performed poorly. The model efficiency
was unsatisfactory (NSE <0.5) for all three metrics, and the
models for mean and maximum depth performed worse than
simply taking the mean (NSE <0) (Table 2). In all cases, the
mean absolute error is a substantial portion of the typical

range of these measurements, and the mean absolute percent
error was 46% for mean depth and volume and 85% for maxi-
mum depth (Table 2).

The predicted and observed volumes were correlated and gen-
erally clustered around the 1:1 line, although with substantial
errors in both absolute and relative terms that contribute to
the weak predictive performance (Figure 1A). Predicted mean
depths appeared unrelated to observed mean depths, although,
by definition, the relative errors are identical to those for volume
(Figure 1B; Table 2). This weak correlation is consistent with the
Nash-Sutcliffe efficiency being approximately zero (Table 2).
The maximum depth predictions were the worst of the three
metrics and were inversely correlated with the observed depths
(Figure 1C). The CEN method greatly underestimated the max-
imum depth of the deepest lakes and greatly overestimated the
depth of the shallowest lakes.

Prediction errors for volume and mean depth were closely re-
lated (r=-0.87) to the dynamic ratio—the ratio of the square
root of surface area to mean depth. The volumes of lakes with
high dynamics ratios, those that are relatively large but shallow,
are overestimated by up to 279% (Table 2). In contrast, the CEN
method underestimates the volumes of small but relatively deep
lakes by as much as 71%. Dynamic ratio increases, on average,
with lake surface area; hence, we generally expect the CEN
method to overestimate the volume of larger lakes and underes-
timate the volumes of smaller lakes (Cael and Seekell 2023). The
largest prediction errors for volume were typically responsible
for the largest prediction error for maximum depth. However,
there was not a strong relationship between prediction error and
any landscape or lake metric beyond this.

4 | Discussion and Recommendations

Predictive models are best evaluated based on how large an error
can be expected compared with how much uncertainty can be
accepted when making decisions. The CEN method clearly fails
this evaluation when confronted with independent data—errors
so large that the predictions are worse than the mean are unac-
ceptable for decision-making. The CEN method is flawed and
should not be used as basis for evaluating or comparing habitat
quality in the context of the Water Framework Directive.

Our results have the most direct implications for the Water
Framework Directive's “System A” hydromorphologic typology.
This divides lakes into three classes based on mean depth. Only
57% of our study lakes are correctly classified when using the

TABLE 2 | Deviance metrics from the validation analysis. NSE is the Nash-Sutcliffe model efficiency index.

Absolute error

Absolute percent error

Measurement NSE Mean Median Minimum Maximum Mean Median Minimum Maximum
Volume 0.49 187,166m> 69,914 m3 10,876 m? 986,518 m? 46% 41% 6% 279%
Mean depth —-0.002 1.6m 0.84m 0.17m 7.7m 46% 41% 6% 279%
Maximum -1.12 7.2m 5m 0.1m 23m 85% 42% 1.8% 391%
depth
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FIGURE 1 | Predicted versus observed values for (A) volume, (B)
mean depth, and (C) maximum depth.

CEN method. The status of biological communities is evaluated
relative to the expected community composition in an unim-
pacted natural state, which depends on depth class. Therefore,
incorrect baselines for assessing ecological status may be ad-
opted when using the CEN method. Of course, errors also im-
pact other aspects of ecological status for which volume or depth
is a key constraint such as trophic status and carbon cycling.
Because these processes relate to morphology nonlinearly, we
expect prediction errors for ecological processes to accumulate
rather than cancel out when conducting assessments and com-
parisons at large scales.

Predictive models should be calibrated based on samples rep-
resentative of the target populations for model application. The
model used in the CEN standard were calibrated to a sample
95 Swedish lakes even though the intended use is for lakes
across Europe. Hence, this was never an appropriate selection
for a European Standard. However, our observation that these
models do not even work for other Swedish lakes shows that the

flaws are more fundamental than lack representative calibra-
tion data alone. The regression parameters in the CEN method
represent population level characteristics. Inferring individual
lake characteristics from these relationships is a fundamentally
improper use of these relationships, akin to the ecological fal-
lacy, and has never provided useful levels of predictive power
(Mufioz et al. 2020; Cael and Seekell 2022).

The CEN method's failure to develop predictive power is con-
sistent with theoretical and empirical findings that volume and
depth are expected vary by an order of magnitude for lakes with
the same surface area and landscape (Cael, Heathcote, and
Seekell 2017; Cael and Seekell 2022). These studies show that the
statistical distributions of lake morphometrics are predictable
based on map-derived features but provide no reason to believe
that these same features should also be able to accurately predict
the volumes and depths of individual lakes, which are essen-
tially random values from these distributions (Cael, Heathcote,
and Seekell 2017; Cael and Seekell 2022).

We recommend that the EN 16039:2011 standard be reconsid-
ered or withdrawn. Other methods in the standard are also
faulty. For example, the shoreline development index, included
in the CEN standard as a metric of planar shape, is biased
in a way that creates false patterns including when relating
lake morphology to ecological process—the very purpose of
collecting morphometrics in the Water Framework Directive
(Seekell, Cael, and Bystrom 2022b; Seekell and Cael 2024).
Therefore, we also recommend that CEN adopt procedures to
prevent the inclusion of unvalidated methods in its standards.

Morphometry is so fundamental to the evaluation of lake eco-
systems that it seems trivial, but our analysis demonstrates there
are no shortcuts to collecting bathymetric data. Bathymetric
surveys are time-consuming, expensive, and necessary to make
credible assessments and comparisons in the context of the
Water Framework Directive or other large-scale assessments.
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