:' frontiers
in Water

ORIGINAL RESEARCH
published: 04 February 2021
doi: 10.3389/frwa.2021.631651

OPEN ACCESS

Edited by:
Okke Batelaan,
Flinders University, Australia

Reviewed by:

Kevin Bishop,

Swedlish University of Agricultural
Sciences, Sweden

Christopher Spence,
Environment and Climate
Change, Canada

*Correspondence:
Florian U. Jehn
florianjehn@posteo.de

Specialty section:

This article was submitted to
Water and Climate,

a section of the journal
Frontiers in Water

Received: 20 November 2020
Accepted: 04 January 2021
Published: 04 February 2021

Citation:

Jehn FU, Breuer L, Kraft P, Bestian K
and Houska T (2021) Simple
Catchments and Where to Find Them:
The Storage-Discharge Relationship
as a Proxy for Catchment Complexity.
Front. Water 3:631651.

doi: 10.3389/frwa.2021.631651

Check for
updates

Simple Catchments and Where to
Find Them: The Storage-Discharge
Relationship as a Proxy for
Catchment Complexity

Florian U. Jehn™, Lutz Breuer 2, Philipp Kraft', Konrad Bestian' and Tobias Houska'

" Research Center for BioSystem, Land Use and Nutrition (iFZ), Institute for Landscape Ecology and Resources Management
(ILR), Justus Liebig University Giessen, Giessen, Germany, 2 Centre for International Development and Environmental
Research (ZEU), Justus Liebig University Giessen, Giessen, Germany

Hydrological theory often assumes an exponential relationship between storage and
discharge, but how often do we find such a behavior in real catchments? We analyze
catchment attributes, discharge and weather conditions from 1992 to 2018 for 88
catchments in Hesse, Germany. All catchments have similar weather conditions, but
a wide range of catchment characteristics. We find that only a fraction of catchments
follow a roughly exponential behavior in their storage-discharge relationship. Far more
catchments are complex and depict irregular patterns with even extreme variation
from 1 year to another. This large set of catchments with similar weather conditions
reveals that physical attributes that drive catchment complexity are diverse and
include soil permeability, hydraulic conductivity, geology, and soil type. We link the
examined simple and complex behavior to the fill and spill hypotheses and the
interconnectedness of the catchments. Simpler catchments have more preferential flow
and more connected hillslopes and thus lower runoff generation thresholds. This creates
a more straightforward relationship between storage and discharge.

Keywords: storage-discharge relationship, catchment complexity, catchment hydrology, climatic forcing,
catchment behavior, fill and spill, catchment interconnectedness, large sample hydrology

INTRODUCTION

What determines how a catchment reacts to a specific climatic forcing? A seemingly simple
question, which is still hard to answer conclusively (Sivapalan, 2005; Clark et al., 2016). This is
mainly because every catchment is unique and thus slightly different to even the ones most similar
to it (Beven, 2000). Still, we find similarities in catchment behavior, ranging from hillslope (Loritz
etal., 2018) to continental scales (Kuentz et al., 2017). We have even made progress in predictions
of behavior in ungauged basins (Hrachowitz et al., 2013). Still, we need to find more reliable ways
to transfer our understanding of hydrological processes between catchments.

There are many different approaches in trying to quantify and understand the similarity between
catchments. One approach is to take a large sample of catchments, sort them into groups of
similar behavior and then examine which characteristics they share (Berghuijs et al., 2014; Kuentz
et al., 2017; Jehn et al., 2020). This can also be done the other way around, thus starting from
similar catchment characteristics and then study the catchment behavior (Knoben et al., 2018).
Others derive understanding of catchment behavior from studies of experimental hillslopes or
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catchments like Tromp-van Meerveld and McDonnell (2006).
However, there are also more theoretical approaches, such as
using hydrological models to infer the underlying processes in
the catchment (Clark et al., 2011; Fenicia et al., 2014). There
are also approaches that try to link catchment behavior to
thermodynamic theory (Loritz et al.,, 2018, 2019) or to elegant
mathematical approaches (Kirchner, 2009; Savenije, 2018).

This study is inspired by earlier works about recession and
water balance that show that hydrological recession behavior
can often be described with exponential functions, if no
additional water is added. This implies that the outflow is
proportional to storage and the underlying aquifer reacts
like a single linear reservoir (Tallaksen, 1995; Wittenberg,
1999). However, it remains unclear how often this “simple”
behavior really occurs in catchments and on what scales it
is present. Those dynamics can be explored by examining
a large sample of storage-discharge relationships. Using the
storage-discharge relationship to explore catchment dynamics
is not a new idea (e.g., Kirchner, 2009; Spence, 2010; Sayama
et al, 2011), but is seen as a valuable way to improve the
understanding of catchments (Tetzlaft et al.,, 2011). Especially
dynamic storage behaviors of catchments provide a way for
comparing catchments across landscapes (Spence, 2010; Buttle,
2016).

Studies of storage change often consider only few catchments
(e.g., Geris et al., 2015; Cheng et al., 2017; Floriancic et al.,
2018), or focus on a single catchment attribute class, like
topography (Liu et al., 2016; Staudinger et al., 2017), geology
(Sayama et al., 2011; Creutzfeldt et al, 2014; Pfister et al.,
2017) or vegetation (Geris et al., 2015; Cheng et al., 2017). This
makes it hard for generalization, as these investigations only
capture a snapshot of catchment attributes and their effect on
hydrological behavior. Therefore, studies using large sample sizes
are needed that explore the storage-discharge relationship in
complex landscapes that have similar climate conditions (Loritz
etal., 2019). At best, the selection of catchments should consider
similar climate conditions so that the boundary conditions are
similar and catchment behavior is not governed by hydrometric
differences. This will help connecting the knowledge gained
of more theoretical approaches (Wittenberg, 1999; Kirchner,
2009) with experimental studies that examine single hillslopes
in depth and highlight the importance of physical processes
like preferential flow (Wienhofer and Zehe, 2014). We use
a dataset of 88 catchments from the federal state of Hesse,
Germany, that features a wide range of catchment attributes,
while having a relatively similar climate. To address all factors
that are commonly attributed to influence hydrological behavior,
we study catchment area, catchment shape, soil, geology,
topography, and land use (Sivapalan, 2005) and use the storage-
discharge relationship as a proxy of catchment complexity.
The more the storage-discharge relationship fits an exponential
function, the simpler we view the behavior of that catchment.

The aim of this study is to scrutinize catchments with a
varying complexity of their storage-discharge relationship and
explore which catchment attributes are linked to this changing
complexity using a large dataset. This focus on how much
catchments obey a “simple” mode of behavior will highlight

which processes are active or dominant in different locations and
will help to understand causes of hydrological similarity.

MATERIALS AND METHODS
Study Area

We analyze a database of 88 catchments located in the state
of Hesse, Germany (Figure 1) with discharge and climatic data
over 26 years (1992-2018), resulting in 2,314 separate catchment
years. Rivers with major technical structures that obstruct the
discharge by artificial impoundment (e.g., reservoir) are excluded
from the analysis. However, some of the rivers have floodgates.
As Hesse has a very diverse geology (HLNUG, 2007), it allows
very different types of catchments to be considered under
similar climatic conditions. Still, the climate has a considerable
range, especially in the precipitation (Figure2). This is a
compromise between climatic similarity and sample size. We
included climatic data in our analysis to determine the influence
on the final results. Overall, the climate is humid and typical
for Central Europe. To capture all factors that are usually
attributed to influence the storage-discharge relationship, we
investigate 15 attributes of climate (evapotranspiration, runoff-
ratio, precipitation), land use, topography (slope, elongation
ratio, area), soils (soil texture, soil type, soil depths), and geology
(aquifer hydraulic conductivity, geology type, permeability) and
water flow (discharge, ground water recharge). These attributes
show a wide variety in the database (Figure 2). Snow was not
explicitly considered in this study as Stoelzle et al. (2020) showed
that in a similar set of catchments snow had only minor influence
on streamflow if the catchments were below 800 m a.s.l., which is
the case for the catchments in this study.

Data Sources

All soil and geology data are extracted from maps of the
Federal Institute for Geosciences and Natural Resources (namely
the HUEK 250 hydrogeology, GWN1000 groundwater, BOART
1,000 soil texture, BK 500 soil type and PHYSGRU 1,000 soil
depth maps). The values for the catchments were extracted
from those maps with QGIS. Numerical attributes were
averaged over the catchment. Categorical attributes used the
dominant/highest value (e.g., a catchment with more than 50%
grassland was classified as grassland). The coarse resolution of
the land cover data results in few cover types, so selecting
the one with the highest portion is likely to distinguish the
most extensive. Discharge is provided by the Hessian Agency
for Nature Conservation, Environment and Geology (https://
www.hlnug.de/static/pegel/wiskiweb2/). Further long-term data,
which is not available online, can be obtained by contacting
the Hessian Agency for Nature Conservation, Environment
and Geology. Data on precipitation and evapotranspiration is
obtained from the REGNIE project of the German Weather
Service (https://www.dwd.de/DE/leistungen/regnie/regnie). The
original raster datasets can be downloaded from the Climate Data
Center of the German Weather Service (https://www.dwd.de/
DE/klimaumwelt/cdc/cdc_node.html). The temporal resolution
for discharge, evapotranspiration and precipitation is daily. The
areas based values of water budget fluxes in mm per catchment
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FIGURE 1 | Locations of the catchments in Hesse and location of Hesse in Germany. Darker blues indicate nested catchments.

can be found in the repository of this paper (Jehn, 2020). The
elongation ratio (i.e., the ratio of the diameter of a circle of the
same area as the basin to the maximum flow length) is assessed
following (Sukristiyanti et al., 2018). Slope and catchment area
are derived from a digital elevation map with a resolution
of 40 x 40m. The runoff-ratio is calculated from discharge

and precipitation. All water fluxes (discharge, precipitation,
evapotranspiration) are converted to mm.

The REGNIE evapotranspiration data are calculated with the
AMBAYV model (Lopmeier, 1994), assuming a homogenous land
cover of grass over sandy loam. As land uses and soils are
often very different in the catchments considered, we correct the
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FIGURE 2 | Attributes of the 88 catchments considered in this study. Climatic attributes of the catchment are the mean for all years. Soil type abbreviations: DC,
Dystric Cambisol; EC, Eutric Cambisol; SC, Spodic Cambisol; SG, Stagnic Gleysol; HP, Haplic Luvisol; EP, Eutric Podzuluvisol.
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evapotranspiration accordingly. For this, we assume a storage
change of zero over a long period, representing a closed water
balance. Based on the uncorrected water balance and the total
evapotranspiration over the whole time period we calculate
the water balance error relative to the evapotranspiration.
This results in catchment specific correction factors for the
evapotranspiration, so that the storage change equals zero over
the 26 years period. This procedure increased the mean actual
evapotranspiration over all catchments from 431 to 541 mm per
year, which is equivalent to the long term mean of 530 mm per
year for Hesse (KLIWA et al., 2017). Both the start year 1992 and
the end year 2018 have similar drought conditions as indicated by
the standardized precipitation index (McKee et al., 1993) of —10
for 1992 and —12 for 2018 and therefore the long term change in
storage can be assumed to be close to zero.

Annual Cumulative Storage Change

As the storage of a catchment cannot be measured directly,
we approximate the storage following the basic water balance
equation (Equation 1).

0 =P(t)—ET () — Q) — AS(t) (1)

With daily precipitation P [mm], evapotranspiration ET [mm],
discharge Q [mm] and storage change AS [mm]. We use
Equation (2) to calculate the annual cumulative storage relative
to the state at the beginning day (r = 0) of a hydrological year
(1% Nov - 31% Oct) using daily data. This means storage change
is calculated on daily basis. Based on this we determine the
cumulative sum of the storage, resulting in the vector §' ., that
contains the cumulative sum of the storage change for every day.

t
Sam(t) =Y _P(r) — ET (v) — Q(r) 2)

=0

This is done for every hydrological year separately to avoid the
accumulation of errors in the measurements and to allow inter-
annual comparisons. Note that this annual cumulative storage
change does not capture the total storage of a catchment, but
is a proxy of the active/dynamic storage changes as defined by
Staudinger et al. (2017) and McNamara et al. (2011).

Complexity of Storage-Discharge

Relationship

After calculating the annual cumulative storage, we evaluate the
relationship between the annual cumulative storage change and
the discharge. As we want to test how well-catchments follow an
exponential storage-discharge relationship, we test how well the
storage-discharge relationship can be fitted with an exponential
function (Equation 3). As a functional approach we are using
an exponential relationship of discharge with the storage as
proposed in the baseflow component of TOPMODEL (Beven
and Kirkby, 1979) [described in the supplement of Knoben et al.
(2019)]. However, this relationship could also be described power
function (see e.g., Kirchner, 2009).

v

a eb Scum

(©)

with discharge Q [mm d~!], shape parameters a and b [-], as well
as cumulative storage change AS’ [mm d~!]. To fit the function
to the data we used the curve_fit module of the Python package
scipy (version 1.4.1), which uses a non-linear least squares fit. We
only use days without precipitation to avoid a direct influence
of precipitation on the discharge (Kirchner, 2009). This step
allows us to estimate how much the real data deviate from the
exponential function (Figure 3), by calculating the Kling-Gupta
efficiency (KGE) (Gupta et al., 2009). A KGE of 1 describes a
catchment with perfectly exponential behavior in a given year.
This results in 27 (one per year) separate fits (as described in
Figure 3), and therefore KGE values, for every catchment.

This KGE is a proxy for the catchment’s complexity. The
lower the combined residuals are the simpler is the catchment.
Therefore, catchments in this study that are described as
simple refer to a storage-discharge relationship for a given year
and catchment, which follow an exponential function without
much deviation. Complex behavior on the other hand refers
to a storage-discharge relationship which deviates substantially
from an exponential function. We use the unbinned KGE in
Table 1 (section Differences in Catchment Attributes Between
Simple and Complex Catchments) to determine if there is a
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FIGURE 3 | Visualization of the deviation of the measured and the idealized storage-discharge relationship (artificial data).

Storage —

more

Frontiers in Water | www.frontiersin.org 5

February 2021 | Volume 3 | Article 631651


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Jehn et al. Simple Catchments and Where to Find Them
A B
Catchment: #84 Helmarshausen, Year: 2012 Catchment: #12 Kerzell , Year: 2012
Hydrological Month ™ 3.0 a Hydrological Month
e 1 e 1
e 2 e 2
L] C § L ] 3
4 L 4
5 25 5
2.0 6 6
7 7
8 8
9 9
e 10 2.0 e 10
T e 11 - e 11
’; 15 o 12 E e 12
E . E o =
g ° g 15 o°
2 2 °
% ° @ °
a a o
10 ° N
* L9 °
& 3
® e & °
&
£ s . °
0.5 — 8 89 ®
05 S ik N '.'
3 el Ld
5 L] L]
o et 000 ° / L
0.0
-100 -50 0 50 100 0 20 40 60 80 100 120
Cumulative Storage Change [mm)] Cumulative Storage Change [mm]
C D
Catchment: #30 Gungelshausen, Year: 2017 Catchment: #86 Kirchheim , Year: 2010
23 & Hydrological Month Hydrological Month
e 1 e 1
) 20 ° 2
- 3 L] 3
4 4
5 1.8 5
2.0 6 6
7 7
8 8
5 16 5
®© 10 L ] 10 L
" e 11 - e 11
o v 14 12
g 15 * 12 2 . .
E E °
& &
5 ® 512 °
; = i ¢
o ° ) J °
10 ° 1.0 @
[ ] ° ° e [ ]
° ® * °
L4 0.8 i ° . . °
® ° ' o & °
05 ° o o % -
(] o® ol 0.6 o © 8
o - ».‘ L o
-100 -80 -60 -40 -20 0 20 -75 -50 -25 0 25 50 75 100
Cumulative Storage Change [mm] Cumulative Storage Change [mm]
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the storage is higher than at previous peak discharge (C) peak discharge, even though the storage is lower than at previous peak discharge (D) erratic behavior.

relationship among catchment attributes and complexity for the
complete dataset.

To detect the effect of the catchment attributes on the storage-
discharge relationship, we bin the 20% of catchments (n = 18)
together with the lowest/highest mean KGE and refer to them as
being simple/complex. We use this in the analyses in Figure 6
(section Differences in Catchment Attributes Between Simple

and Complex Catchments) to highlight the differences between
the most extreme catchments. We compare the mean KGE
for all years of all catchments with catchment attributes using
linear regression (for the numerical attributes) and ANOVA (for
categorical attributes). All slopes of the linear regressions are
tested, if they are significantly different from zero. To keep the
rate of false positive results low, we corrected all p-values by
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multiplying them with the overall amount of statistical tests done
in this study [Bonferroni adjustment (Haynes, 2013)]. Significant
in this study refers to a significance level of 1%.

To delineate the differences between simple, complex
catchments and the overall dataset, we calculate an ANOVA for
the numerical attributes with the same correction as mentioned
above. The categorical attributes are compared qualitatively.

RESULTS AND DISCUSSION

Complexity of the Storage-Discharge

Relationship

The storage-discharge relationship shows four groups of different
behaviors (Figure4). Many storage-discharge relationships
show almost perfect exponential behavior (Figure 4A). Those
catchments are identified as simple. The other patterns
(Figures 4B-D) cannot be fitted with a simple function. Hence,
we conclude them complex. Complex behavior comes in three
distinct types. Simple behavior is more strictly defined than
complex behavior, as it can only arise from the pattern seen in
Figure 4A. The first complex type (Figure 4B) has a relationship
where the catchment has a distinct peak discharge at the
beginning of the year. After that peak it dries up and later
refills. However, during refilling the catchment does not show
an increase in discharge, even though it is also defined by
storing more water than at the beginning of the year. The
second complex type (Figure 4C) also has peak discharge at the
beginning of the year and dries up after that. However, in contrast
to the others, peak discharge can be found at low storage as well.
The third complex type (Figure 4D) shows erratic behavior with
no clear pattern. In addition, the behavior of catchments often
varies from year to year (Figure 5).

The complexity of a catchments storage-discharge
relationship as described in section Complexity of Storage-
Discharge Relationship can show a wide range (Figure 5). Some
of the catchments depict a low complexity (e.g., catchment #88)
for the every year. Contrasting, none of the catchments are
characterized by a high complexity during all years. Nevertheless,
several catchments indicate a rather complex behavior most of
the time (e.g., catchment #1). In general, the complexity (when
measured as the catchment’s mean KGE) changes by more than
a factor of two between the most simple and the most complex
catchments. This reflects the variability among catchments with
an almost perfect exponential storage-discharge relationship
and those of primarily erratic behavior. Even though we can
order the catchments according to their complexity, we see that
complexity varies greatly from year to year, even in the most
complex catchments. For example, catchment #1, which has the
highest complexity of all catchments, we still find years with
very low complexity. We can also see the same pattern for the
complexity of the years. For example, 2017 is the most complex
of all years, but also has catchments with a very low complexity
(e.g., #56, #69, or #76). We verified the reliability of our approach
by using the mean sum of least squares and the Nash-Sutcliffe
efficiency as alternative objective functions. This resulted in
almost exactly the same results for both years and catchments.

The interannual variability suggests weather conditions play
an important role in the complexity of the identified storage-
discharge relationship. Both, years (histogram on the top of
Figure 5) and catchments (histogram to the right of Figure 5),
exhibit the same mean (meanye,rs = 0.013, meancychments =
0.013) and similar standard deviation (std) (stdyears = 0.006,
stdcatchments = 0.012) for their respective mean KGE. Several
years show a very simple storage-discharge relationship across
all catchments (e.g., 1999, 2001). As with the catchments, the
factor between the most complex and most simple year is larger
than two. Those most complex years are characterized by a
negative standardized precipitation index (McKee et al., 1993),
which is an indicator for drought conditions. This might be
linked to processes analogous to fill and spill runoff generation
(Tromp-van Meerveld and McDonnell, 2006) and more generally
a function of the hydrological connectivity of the catchments
(Bracken and Croke, 2007). In drier years, the catchments could
be less connected and thus show more erratic behavior, while
years with more precipitation allow more stable connections,
both spatially and in time. This higher connectedness could
lead to simpler behavior, as the amount of water in the river
is more directly connected with the amount of water in the
catchment. Interestingly, while the three most complex years
(1996, 2013, 2017) all have a negative standardized precipitation
index (McKee et al., 1993), none of them is considered a drought
year (Erfurt et al,, 2020). Thus, a severe drought cuts most
connections in the catchment and only leaves groundwater as
the main contributor to streamflow, which again results in
simpler behavior. In addition, all three of the most complex
years have at least 1 month with precipitation >150 mm. This
can also be linked to the approach of Loritz et al. (2018), which
uses information theoretic and thermodynamic reasoning in
combination with topographic information to study how the
entropy of the hillslopes in a catchment changes of time. They
show that the entropy and thus complexity increases strongly
to large precipitation events after dry periods in the summer.
They also highlight that this emerging behavior is caused by
the interaction of different parts (in this case hillslopes) of
the catchment.

This influence of large precipitation events on catchment
complexity can also be found in other studies. For example
(Capell et al., 2012) studied a catchment that was split between
more mountainous uplands and lowlands with sand stone. The
lowlands usually experienced linear discharge recession behavior,
except when large precipitation events were recorded in the
uplands. We conclude that this is probably the difference between
the discharge being mainly baseflow provided from the valley
bottom or stormflow generated in the upper stream reaches. The
catchments cannot take up all the additional water due to large
precipitation events, either because rainfall intensity exceeds
infiltration capacity or catchments reach a storage capacity
(Teuling et al., 2010; Sayama et al., 2011).

Another factor that might contribute to the complexity of
the storage-discharge relationship is hysteresis. Hysteresis has
been found to influence hydrological behavior at different scales
(Zuecco et al., 2016). In this study, we use hydrological years
to avoid cutting off a long time hysteresis process before it has
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TABLE 1 | Differences in the Kling-Gupta Efficiency for the categorical and numerical catchment attributes for all years of all catchments.

Numerical attributes Act. ET Discharge Precipitation  Runoff-ratio Area Elongation ratio Slope Soil depth GW recharge
P-values <0.001 <0.0001 <0.0001 <0.0001 <0.01 <0.0001 <0.0001 1 <0.0001
Categorical Land use Soil texture Soil type Aquifer Geology type Permeability

attributes conductivity

P-values <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

The p-values for the categorical attributes indicates if there is a significant relationship between the categories. The p-values for the numerical attributes indicate if the trend between

the KGE and the attribute is significant.

ceased. However, hysteresis processes that start before or end
after a hydrological year are not fully covered by our approach,
but are important for catchments with low aquifer conductivity
(Hellwig et al., 2020). Thus, more complex years and catchments
might be an indicator of long term storage-discharge hysteresis
that are triggered by reaching certain storage thresholds (Spence,
2010). It might also be the case that simple/complex behavior is a
proxy for less/more hysteretic catchments. The more connected
a catchment is, the more direct is the relationship between its
storage and the discharge.

Differences in Catchment Attributes

Between Simple and Complex Catchments
To find the most consistently simple and complex catchments,
we use 20% of the catchments with the highest catchment
mean KGE and the 20% with the lowest catchment mean KGE
(Figure 5). We only analyze those catchment attributes that
show a significant relationship in the whole dataset (Table 1).
This removes the soil depth from the further analysis, as it
shows no significant differences concerning the KGE. When we
compare the remaining attributes of the simple and complex
catchments with each other and the overall dataset, we can
see clear differences, especially in the categorical catchment
attributes (Figure 6):

- Simple catchments: Normal aquifer conductivity and
permeability, regions with igneous geology, clay silt soil
texture, wide range of soil types, more grassland and forest.

- Complex catchments: Low aquifer conductivity and
permeability, regions with sedimentary geology, loamy
sand soil texture, dystric cambisols, more agriculture.

The trend is less clear for the numerical catchment attributes.
Simpler catchments tend to be steeper, while complex catchments
are more flat. However, this trend is not significant. All
other catchment attributes from Figure 2 do not influence the
complexity of the storage-discharge relationship, at least not
to an extend that is detectable with our method. As expected,
climatic attributes, which are relatively similar for all catchments,
are also not relevant. These results might also explain why it is
easier to find the important drivers for the behavior of extreme
20% most simple/complex catchments than for the remaining
catchments (Singh et al., 2014). While the most simple/complex
catchments have attributes that have a considerable influence on
the hydrological behavior, the other catchments lie somewhere

in between (Figure 5). These “in between” catchments have a
compensating mix of attributes, which makes it very hard to
disentangle the specific attributes that control complexity. This
variation in catchment attribute influence has also been found
for parts of a single catchment (Sun et al., 2014) and small sample
studies (e.g., Hoylman et al., 2019).

Therefore, this study highlights what kind of catchment
attributes are important when we have a large sample of
catchments that all have a similar climate conditions. Our study
found an influence of evapotranspiration and precipitation on
the overall dataset (Table 1), but not in the behavior of the
most simple and complex catchments (Figure 6). The trend
of the evaporation is significant for the complete dataset, but
not significant when comparing the most simple with the
most complex catchments. Contrasting, large sample studies
conducted over larger scales usually that climate has a larger
influence (Oudin et al., 2010; Kuentz et al., 2017). This highlights
that both climate and catchment attributes are important but on
different scales. While the overall behavior is determined by the
climate, this climatic signal is shaped by the catchment attributes,
specifically soils and geology.

Relationship of Catchment Complexity and

Hydrological Processes

Our results show that there are clear differences in the
characteristics of simple and complex catchments. Interestingly,
the attributes of both, simple and complex catchments show
deviation in their attribute values of similar size from the
overall dataset (Figure 6). This is unexpected, as there are several
modes of complex behavior (Figure4). Therefore, complex
catchments should show a wider diversity of their attributes
than simple catchments, if their complex behavior is caused by
separate processes. This is not the case, which hints that the
same underlying hydrological processes cause all the modes of
complex behavior. Studies have highlighted that especially in
humid and mountainous catchments subsurface stormflow is
one of the main runoff generation processes (Wittenberg, 1999;
Wienhofer and Zehe, 2014; Chifflard et al., 2019) and that overall
connectivity in a catchment defines its behavior (Jencso et al.,
2009). This could also explains the results of this study. Simple
catchments show high permeability and conductivity, while
complex catchments show low permeability, and conductivity.
We therefore conclude that catchment complexity might simply
be a proxy for catchment connectivity. Connectivity is to be

Frontiers in Water | www.frontiersin.org 9

February 2021 | Volume 3 | Article 631651


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Jehn et al.

Simple Catchments and Where to Find Them

Aquifer Conductivity [/]

ANOVA P-Value: 1

Geology Type [/]

Numerical Attributes
ANOVA P-Value: 1

= — Categorical Attributes =

= 100 = 100 £ 100

> > > -

c c W siity clay [~ W SC

s = Grassland 3 e sandy loam S | e nuersse
g 50 =1 Forest g s0 == loamysit | § s5g || E==mEose
L : =4 e

w [ Agriculture o [ loamy sand LC = EC

[ [} — [ —c

kS L g clay silt g . bc

S S S

I8 B o8

g O = = § v O - = 9] ) 5 = =

4 simple (n=18) complex (n=18) overall (n=89) =4 simple (n=18) complex (n=18) overall (n=89) o« simple (n=18) complex (n=18) overall (n=89)

-o\g Land Use [/] § Soil Texture [/] 'o\? Soil Type [/]

= 100 p— = 100 < 100 - W variable

g g g - mid

S B normal/low g o W mid/moderate
3- == normal 3- I sedimentary 3- 1 I moderate

o 50 I o 50 1 igneous @ 50 [ moderate/low
[ 3 low w [ = I

1 [} o I low

> > = [ low/very low
E E E [ very low

2 simple (n=18) complex (n=18) overall (n=89) & 0 simple (n=18) complex (n=18) overall (n=89) & simple (n=18) complex (n=18) overall (n=89)

Permeability [/]

ANOVA P-Value: 1

E
E 700 . . . 1100 . .
S — 600 e H
.g : * ] £ L1 £ 1000 . i
© . 4 £ } = . <
*a-' 600 — = K] c 560 s
] (s}
: oo o 4] S
& 2 S 800
§ 500 . 2 @ g s
z N S 5 200 . | & 700 : 5
w . .
g simple (n=18) complex (n=18) overall (n=89) simple (h=18) complex (n=18) overall (n=89) simple (n=18) complex (n=18) overall (n=89)
ANOVA P-Value: 1 ANOVA P-Value: 1 ANOVA P-Value: 1
0.6 2 . . . _ 0.8 . .
= . :
= < 4 = [} . <
s 9 3 = 2000 2 : .
5 s . £ : i < 0.6 :
x 0.4 = 8
E © 2
5 ¢ 1000 : : K] e
€ 0.3 < - 2
= s s ¢ [:;] : & 504 =
: e ] o - . @ = 3
simple (n=18) complex (h=18) overall (n=89) simple (h=18) complex (n=18) overall (n=89) simple (h=18) complex (n=18) overall (n=89)
ANOVA P-Value: 0.694 b= ANOVA P-Value: 0.415
= E 250 . .
. (] . ¢
. o 2 . -
. . s © 200 =
=10 - : i
7]
“g’ $ < 150
—— [
= 8 : $ % 100 .
: =
° M %
. % 50 .
simple (n=18) complex (n=18) overall (n=89) G simple (n=18) complex (n=18) overall (n=89)
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DC, Dystric Cambisol; EC, Eutric Cambisol; SC, Spodic Cambisol; SG, Stagnic Gleysol; HP, Haplic Luvisol; EP, Eutric Podzuluvisol.

understood herein as the combination of connections between
hillslopes and riparian zone (Jencso et al., 2009) and the
interconnectedness within hillslope (Tromp-van Meerveld and
McDonnell, 2006). One possible explanation for the higher
permeability and connectivity in the simpler catchment might
be earthworms, as they prefer clay silt soils of those catchment
(Curry, 2004) and increase preferential flow (Zehe et al., 2010).
This also relates to the concept of thermodynamic equilibria
discussed in Loritz et al. (2018). More permeable and connected
catchments return quicker to their thermodynamic equilibria and

thus show more simple behavior, while less connected and less
permeable catchments need longer to return to their equilibrium
and show more complex behavior.

This concept of connectivity can also be linked to threshold
behavior, which has been identified as an important factor
for catchment behavior (Spence, 2010; Tetzlaff et al., 2011) at
both hillslope (Tromp-van Meerveld and McDonnell, 2006) and
catchment scale (Jencso et al., 2009). Simple catchments might
have lower thresholds, as they are always more interconnected
due to their higher permeability and conductivity. Those lower
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thresholds could allow a more direct connection between the
overall amount of water in the catchment and the discharge.
For complex catchments, this is less the case, as they could have
more isolated hillslopes and thus spill behavior happens more
erratically. In essence, the amount of water in the catchment is
less important without a connection to the river.

SUMMARY AND CONCLUSION

This study looks at the complexity of the storage-discharge
relationship of 88 catchments in Hesse, Germany. The most
simple and complex catchments show clear differences in their
conductivity, permeability, geology and soils. The signal of
weather patterns is transformed differently, depending on the
catchment attributes. This leads to simple behavior for some
catchment and to more complex for others. It is not uncommon
for small and large scale studies to have contrasting results
regarding the influence of climate on catchment response. The
role of climate needs to be controlled in such studies in order
to determine the influence of non-climatic factors, as we did in
this study.

To further explore the importance of catchment attributes
in relation to climate, additional studies in different climates
are needed, as this study only focused on humid catchments in
central Germany. What we finally need to understand is why
certain catchments behave simple in 1 year and complex in
another. Possible causes are extreme weather events, a complex
interaction between the distribution of precipitation, the geology
and the soils of a catchment and connecting and disconnecting
of different stores in the catchment. All those attributes and
processes ultimately define the catchment’s active storage. We
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