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1 | INTRODUCTION
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Abstract

Droughts lead to falling river water levels and consequently expose river sediments.
It is well known that from these exposed aquatic sediments, CO, emits to the atmo-
sphere, but upscaling of CO, measurements from discrete point measurements to an
entire river system remains challenging. Naturally occurring heterogeneous processes
must be accounted for to obtain an overall CO, flux and to assess its significance.
We contribute to this challenge by incorporating a two stage scaling approach using
in situ CO,, fluxes and remote sensing data. First, by combining optical airborne data
with closed chamber measurements at a representative model site during a first scal-
ing stage, we derive land cover type specific CO, fluxes and identify distance to the
water as the most suitable proxy for further upscaling. Second, we upscale derived
spatial relations from the first scaling stage to the entire river system of the Elbe
River using a satellite-based analysis. In this way, we derived area-weighted CO,
emissions from exposed river sediments of 56.6 + 64.8 tC day~? (corrected distance
proxy) and 52.9 + 44.6 tC day™~? (land cover proxy), respectively, for 1 day during the
2018 extreme drought. Given the intensification of droughts in terms of length and
reoccurrence frequency, this result not only highlights the importance of drought-
induced exposition of river sediment as a source of atmospheric CO, but also under-
scores the ability to monitor CO, emissions over an entire river system on a regular

basis using remote sensing.
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with low water level conditions and thus an exposition of river sedi-

ments, whereas small streams will be more frequently prone to desic-

Droughts and related low water levels have a large impact on river
ecosystems as they are major regulators of biogeochemical cycling in
river floodplain systems (Humphries & Baldwin, 2003; Junk, Bayley, &
Sparks, 1989; Lake, 2003). With an expected increased reoccurrence
frequency in the context of climate change (Stocker et al., 2013) such
as in the Mediterranean, large streams will face pronounced periods

cation (e.g., Steward, von Schiller, Tockner, Marshall, & Bunn, 2012).
For the latter, drought effects on greenhouse gas (GHG) emissions are
intensively studied (Looman, Maher, Pendall, Bass, & Santos, 2017).
Much less is known about GHG emissions from exposed sediments in
high-order rivers, where sediments are typically more fine grained and
the effect of exchange with the groundwater and interstitial water is

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2020 The Authors. Ecohydrology published by John Wiley & Sons Ltd

Ecohydrology. 2020;13:€2216.
https://doi.org/10.1002/eco0.2216

wileyonlinelibrary.com/journal/eco 1o0f 14


https://orcid.org/0000-0001-9238-3464
https://orcid.org/0000-0002-4393-3500
mailto:ulf.mallast@ufz.de
https://doi.org/10.1002/eco.2216
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/eco
https://doi.org/10.1002/eco.2216

20014 | WILEY.

MALLAST ET AL

probably less pronounced (Bolpagni, Laini, Mutti, Viaroli, &
Bartoli, 2019).

Recent evidence points to increased emission of especially CO,
into the atmosphere from these exposed sediments at low water
levels (Gallo, Lohse, Ferlin, Meixner, & Brooks, 2014; Gomez-Gener
et al., 2015; von Schiller et al., 2014). During droughts, these exposed
sediment areas are maximized, and microbial activities are stimulated
by wet-dry cycles (Weise et al., 2016). On a global scale, initial rough
estimates have shown that these emissions are likely to be an impor-
tant but yet overlooked source of atmospheric CO, (Marcé
et al., 2018). Nevertheless, upscaling spatially heterogeneous pro-
cesses to entire river systems remains a challenge (Duvert, Butman,
Marx, Ribolzi, & Hutley, 2018).

Exposed sediments comprise a diversity of land cover being a
complex mosaic of sand and mudflats with or without pioneering veg-
etation (Bolpagni, Folegot, Laini, & Bartoli, 2017). This intermediate
scale heterogeneity prevents the use of spatially integrating methods
such as eddy covariance to measure CO, emissions as the method
requires a larger homogenous footprint area (Aubinet, Vesala, &
Papale, 2012). The only available method to measure CO, emissions
in these heterogeneous areas is discrete point measurements using
closed chambers (e.g., Bolpagni et al., 2017; Lesmeister &
Koschorreck, 2017). Chamber-based CO, measurements proved to
vary between land cover and are affected by sediment texture, sedi-
ment organic matter, sediment moisture, sediment temperature and
chlorophyll a (Gallo et al., 2014; Gémez-Gener et al., 2015). However,
upscaling discrete point measurements to the entire system is mostly
prevented by the lack of information on the sheer size of exposed
river sediments and their land cover (Gomez-Gener et al., 2015). If
representative flux data can be aligned and area-weighted with spatial
information on land cover distribution and the size of exposed river
sediments, the assessment of the large scale CO, emission signifi-
cance would be enabled (Macklin, Maher, & Santos, 2014).

The combination of spatially continuous satellite and airborne-
based remote sensing data with discrete point measurements of CO,
flux is the most promising approach for large scale quantification.
Among others, these data facilitated in the classification of community
and habitat levels in order to derive landscape properties including
their heterogeneity and to determine inundation patterns. Depending
on the remote sensing platform, spatial coverage and spatial resolu-
tion varies between 10 and 10° m? and 1-500 m, respectively
(Melack et al., 2004; Mertes, 2002).

Similar satellite-based studies upscaled in-situ GHG emissions to
entire highorder river systems (Striegl, Dornblaser, McDonald,
Rover, & Stets, 2012) or to wetlands (Melack et al., 2004). The disad-
vantage using solely satellite data concerns the scaling from discrete
measurements to pixel sizes of more than 900 m2. The scaling inevita-
bly leads to large uncertainties as it neglects small-scale habitat het-
erogeneity with different land cover as well as governing flux
processes.

The present study seeks to include small-scale heterogeneity by
incorporating a two stage scaling approach. Whereas in-situ land

cover specific CO, fluxes allow assessment of the specific role for the

total CO, emission, optical airborne data help to identify governing
spatial relations between CO, fluxes and land cover of exposed river
sediments during a first scaling stage. The second scaling stage repre-
sents a satellite-based analysis that upscales derived spatial relations
from the first scaling stage to an entire river system. As a test case,
we use Germany's third largest river, the Elbe River, during the millen-
nium drought in summer 2018, which experienced historically low
water levels recorded at several gauging sites (BfG, 2019). Based on
both scaling stages, we quantify the total CO, emission from exposed
river sediments for 1 day for the entire Elbe River and provide an out-
look for future research directions to reliably quantify CO, on a river
scale on a weekly basis.

2 | MATERIALS AND METHODS

2.1 | Study site and millennium drought

The study encompasses the German section of the Elbe River
(Figure 1), Germany's third largest river with a mean annual discharge
of 554 m® s~! at the gauge Magdeburg Strombriicke. Compared with
other larger German rivers, the Elbe River is less channelized and char-
acterized by a comparably large floodplain (Scholten et al., 2003). Sea-
sonal water level fluctuations between 1.2 and 3.1 m as indicated by
the standard deviation from the mean are shaping different habitat
types including vegetation free sandflats as well as dense reed stands,
pastures and floodplain forest (Scholz, 2005).

The year 2018 was the hottest year since the beginning of
weather recording in Germany in 1881. Extremely low rainfall in
spring and summer resulted in the lowest water level ever recorded in
the Elbe River (BfG, 2019; see Figure 1). At Magdeburg Strombrticke,
the water level dropped to 45 cm, which is 47 cm below the mean
annual low water level (LHW, 2019). The river was not navigable
between June and the end of the year. The extremely low water level
exposed large areas of river sediments to the atmosphere. Due to the
abnormally low streamflow with inadequate surface water resources
for established water uses, we define the period of July 2018 as clear
hydrological drought following recommendations by Mishra and
Singh (2010).

To cover the entire German Elbe River system in its longitudinal
profile between the Czech border (Elbe km 0) and close to the Weir
Geesthacht (Elbe km 586 km), we use a satellite-based remote sensing
approach. A representative model site near the city of Magdeburg
complements the river scale at which fieldwork was conducted. The
model site consists of exposed river sediments of two habitats
(sandflat in a side arm of the main stream and a typical groyne field in
the main channel; Figure 2) with different land cover. This area is
exposed as soon as the water level falls below its mean level of
189 cm. During the 2018 extreme drought, this condition along with a
stagnant or falling water level occurred for a total of 117 days
(Figure 1).

On 25 July 2018, we conducted CO, flux measurements at

28 locations covering different land cover types such as dry grass
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FIGURE 1 Overview on location of the Elbe (blue line) and the model site, along with spatial coverage of applied Sentinel-2 satellite scenes
(left); Elbe water level during the year 2018 showing the extreme drought effect on the water level and the number of days during which the
water level was stagnant or falling (red vertical lines). Note that MW indicates the mean water level and MNW the mean annual low water level

given by the Federal Waterways and Shipping Administration

(five locations), grass (three locations), reed (two locations) and
bare sediment (18 locations). The latter encompasses visually
observed sediment colour differences with presumably different
CO, fluxes. We therefore divided this land cover into three sub-
classes: bright (three locations), brown (12 locations) and dark

(three locations) sediment (Figure S1). Each location was surveyed

with a differential GPS system resulting in 3 cm spatial
accuracy.
2.2 | CO, flux measurements

The CO, fluxes were measured with static chambers connected to
gas analysers. To map unvegetated sites, we used a commercially
(Soil Chamber SRC1 + EGM,

with only dark measurement

available system
USA)

et al., 2004). At vegetated sites, we used a custom made circular

Respiration
PPSystems, (Pumpanen
transparent chamber (diameter 23 cm; Figure S1) applying a four-
fold to sixfold replication. The chamber was equipped with a pres-
sure vent (Hutchinson & Mosier, 1981) and installed on soil collars
made from standard PVC tubes. Depending on vegetation height,
we used two different chamber heights (15 or 50 cm). The concen-
tration of CO, in the chamber was continuously monitored by a
portable GHG analyser (microportable GHG analyser, LosGatos
Research, USA). Previous tests had shown that our system gave
reliable flux data without using preinstalled collars (Lesmeister &
Koschorreck, 2017) and that the pump of the gas analyser created
enough air mixing in the chamber that we could do without a fan

(Koschorreck, unpublished).

Flux measurements with the commercial system lasted 2 min or
until the CO, change exceeded 50 ppm—depending on which of these
two criteria was met first. At vegetated sites, we used a transparent
chamber covering the herbaceous vegetation (<15 cm height) or reed
(about 50 cm height). Because the volume to area ratio of these cham-
bers was higher than that of the commercially available system, we
increased the measurement time. Measurements with the transparent
chamber were performed over 5 min (light flux) after which the cham-
ber was shaded by a dark foil and the measurement continued for
another 5 min (dark flux). Previous repeated light-dark-light measure-
ments had shown that it was not necessary to vent the chamber
between light and dark measurements. Temperature in the chamber
was recorded by a wireless thermometer. Temperature increase in the
chamber during measurements never exceeded 2.5°C. Fluxes were
calculated from the linear increase of the gases partial pressure over

time. The CO, flux was calculated according to Equation 1
v

(&) (rrs):

where Fco, =CO, flux (mmol m~2 day™?), dpCO,/dt = slope of the

D

Feo,

change in pCO, with time (patm day’l), V = volume of the chamber
(m3), S = surface area covered by the chamber (m?), T = air tempera-
ture (K) and RTS = ideal gas constant = 8.314 (L atm K~* mol™%). To
calculate mean daily CO, fluxes from vegetated sites, we calculated
the day length weighted mean of light and dark fluxes considering a
light period of 13.5 h day™t.

To determine the significance of CO, flux differences among land
cover types (see Section 2.4), we applied an ANOVA-based multiple
comparison analysis using the least significance difference procedure
using Matlab 2019b.
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FIGURE 2 Result of the land cover classification for the model
site of the study area and mean CO, value of each sample site (a) with
a subset on a representative area showing the detailed land cover
class distribution (b)

2.3 | Sediment measurements

Sediment measurements conducted at the abovementioned 28 sample
sites focus on sediment water content, sediment temperature and
grain size distribution. Measurements were repeated three times per
sample site and then averaged.

Sediment water content and temperature were obtained at
depths of approximately 5 cm using three replicate measurements
each. Volumetric water content 8 (m®/m®) was measured using a
portable TDR100 time domain reflectometer (TDR; Campbell
Scientific, Logan, UT) with a custommade threerod probe. Prior to
the campaign, the TDR probe was calibrated for water content
estimation with measurements in water and air. Using the Complex
Refractive Index Model formula according to Roth, Schulin, Flihler,
and Attinger (1990), we calculated the volumetric water content
with an accuracy of 0.02 m®/m> Sediment temperature was
measured with a DT300 handheld LCDthermometer (Voltcraft,
Hirschau, Germany). Measurement accuracy is in the range of +1°C
in 3 to 6 cm depth.

Grain size distribution was determined through grab samples
(~150 g) from a depth of 0-20 cm. Each sample was dried and manu-
ally sieved using mesh widths of 2, 1, 0.5, 0.25, 0.125, 0.063 and
0.032 mm to differentiate between gravel, sand, silt and clay fractions.
Subsequently, the average of each fraction was calculated to obtain a
representative value for each fraction.

24 | Remote sensing

We used optical airborne data during the first scaling stage to classify
land cover of the exposed riverbed and to eventually identify
governing spatial relations on a local scale. The core of the second
scaling stage represents a satellite-based analysis that quantifies the
total exposed riverbed area. With the exposed riverbed area, we were
in the position to upscale derived spatial relations from the first
stage's localscale results onto the German Elbe River scale. Both air-
borne and satelliteborne data, each with specific spectral and spatial
characteristics and specific processing steps, are described hereafter.

241 | Airborne data and ground control data

To obtain airborne data, we used a Gyrocopter Cavalon D-MHSA as
platform, an inertial measuring unit iMAR IMUFSAS in combination
with the AeroDiDOS direct orientation system and differential GPS to
obtain position and orientation angles at an accuracy of 0.02m RMS
and height accuracy of 0.05 m after postprocessing. The applied AC8
RGBcamera system is essentially a Nikon D800e fullframe digital cam-
era (focal length 55 mm/FPA 7360 x 4912) that was modified for use
in a gyrocopter (Bannehr, Kirschke, Koppers, & Ulrich, 2015). Informa-
tion of position (Lat, Lon and flight altitude), orientation angle (yaw,
pitch and roll) and time stamp of each image was stored externally
and later transferred to the image exif information of each image. The
flight took place on 27 July 2018 between 13:42 and 15:00 local time
(LT) at an altitude of ~610 m above ground level. During the time
weather was partly cloudy with wind speeds of 1.7 m s™%. With an
along-track and across-track overlap of 50%, a total of 441 images
were recorded that cover an area of ~5 km?. To georeference image
data, we distributed nine ground control points (GCPs) whose position
was determined using a differential GPS with an overall accuracy of

+3 cm.

Data processing

The processing of recorded RGB images consisted of two consecutive
steps. First, using a Structure from Motion approach, we applied the
commercial software package Agisoft PhotoScan Professional version
1.4.2 to create an orthomosaic for the covered area using the image
exif information and GCPs as ground reference. All images were
aligned setting the accuracy settings to high and preselection based
on GPS coordinates. Subsequently, we calculated the sparse point
cloud, deleted outliers and reconstructed the detailed geometry (bun-

dle adjustment) using a dense point cloud (reconstruction parameter:
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surface type—height field; quality—high; depth filtering—mild). Based
on the detailed geometry result, we identified the GCPs and used
them to finetune the bundle adjustment that leads to the dense point
cloud. The resulting digital orthomosaic (DOM) and digital surface
model (DSM) were exported with a ground sampling distance of
13 cm with a RMSE of 20 cm (x), 23 cm (y) and 18 cm (2). As a final
step, we reduced the total covered area of DOM and DSM to the area
of interest, which we define as the area covered by water at Elbe
mean water level.

Second, based on the spatially reduced DOM, we performed a
maximum likelihood classification (MLC) to extract relevant land
cover classes using ArcMap 10.7. These classes included water,
bright sediment, brown sediment, dark sediment, grass, dry grass,
reed and bush/tree. Due to the less complex nature of the input
data, we defined three to 12 training samples per class based on our
in-situ 28 sampling locations (each training sample contains several
pixels) to discriminate between classes as suggested by Van Niel,
McVicar, and Datt (2005). Training samples for classes that were not
covered by in situ measurements such as water and bushes/trees
were taken by dGPS measurements during the same day. All training
data were input for the MLC process using equal weights for all
classes. We validated our result with 50 points that were randomly
distributed over the entire area. The number of validation points per
class is based on the areal share of each class on the overall classifi-
cation (Figure S2).

For each in situ sampling point, we assigned the respective land
cover class, the elevation using the DSM and the Euclidean distance
to water as spatial information. The latter was calculated using the
water class from the MLC. In turn, we calculate the area-weighted
CO, flux for each of the land cover/distance classes by averaging
the CO, fluxes per class and multiplying it with the covered area

per class.

242 | Satellite data

In order to determine the area of the exposed riverbed during the
drought for the entire Elbe River, we used Sentinel-2 Level 1C
data, which were downloaded from https://glovis.usgs.gov. These
data are georeferenced, radiometrically corrected, top of atmo-
sphere (TOA) reflectance values with a subpixel multi-spectral and
multi-date registration (Drusch et al., 2012). Relevant scenes were
selected based on two criteria: First, recording dates should reflect
a point in time with an Elbe River mean water level (normal situa-
tion) and an Elbe River minimum-water level (drought situation), to
be able to evaluate the amount of exposed river sediment during a
drought. Second, the Elbe River should be only minimally covered
by clouds or cloud free. Accounting for both criteria, the resulting
satellite scenes along with orbits and tiles to cover the entire Ger-
man part of the Elbe River is listed in Table S1. Due to cloud con-
tamination, however, we could not process 50 km of the river
between river km 260-280 and 360-380, which corresponds to
8% of the entire German Elbe River system.

Data processing

Each scene was automatically processed as follows using Matlab
2018a: A manually digitized vector file of the Elbe River was
converted into a binary raster (river pixel = 1/background pixel = 0)
format resembling the same extent and spatial resolution of the input
Sentinel-2 scene. This binary Elbe River raster was morphologically
dilated by 100 pixels to create a mask (hereafter Elbe mask) that spa-
tially comprises the Elbe and its close proximity (500 m to each river-
side). In a second step, the Normalized Difference Water Index
(hereafter denoted as NDWI) after McFeeters (1996) was calculated
for each Sentinel-2 scene using band 3 (TOA reflectance of the green
fraction of the electromagnetic spectrum) and band 8 (TOA reflec-
tance of the nearinfrared fraction) enabling us to differentiate
between water and land (Du et al., 2016). After calculating NDWI, we
applied the Elbe River mask and extracted only those NDWI values of
land and water that are within the mask. To segment land and water
respectively, we use the classical Otsu method (Otsu, 1979) based on
grey-level histograms of NDWI values. As these values resemble a
bimodal distribution, the optimal threshold is obtained by maximizing
the between-class variance of both classes within the bimodal distri-
bution (Otsu, 1979). The subsequent result shows a binary raster
where ones represent water areas (objects), whereas zeros are land.
To discriminate objects between unwanted water areas such as
ponds, unconnected oxbows and the Elbe River, we used the previ-
ously created vector file. In the event that both were located at the
same geoposition, the object was kept while remaining ones were
deleted. With one object (Elbe River) remaining, we vectorized it
(hereafter denoted as Elbe vector) and corrected for parts connected
to the Elbe but irrelevant such as confluences. The final step
consisted of merging the different Elbe vector files resulting from
each Sentinel-2 scene for the normal and drought situation. Both
vector files (drought and normal situation) were subsequently divided
in 10 km segments, and for each of these segments, the water area

was calculated.

3 | RESULTS AND DISCUSSION

3.1 | CO, flux at model site

CO, emissions from the model site showed considerable spatial het-
erogeneity. Dark fluxes (sediment respiration) ranged from -7 to
958 mmol CO, m™

150 + 201 mmol m~2 day~!. Yet CO, emission differences between

day™'! with a mean CO, flux of

land cover types are only significant for classes brown sediment/grass
and brown sediment/reed with p = 0.002 and p = 0.060, respectively.
All remaining comparisons were no significant with p values between
0.45 and 0.97.

Highest emissions were observed at vegetated sites and dark
sediment but even bare sand classified as ‘bright’ and ‘brown’ sedi-
ment emitted substantial amounts of CO, (Table 1). Two flux mea-
surements (one for brown and one for bright sediment) indicate

small negative fluxes (CO, uptake), which may be explained by
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chemical weathering (Light, Catalan, Giralt, & Marcé, 2019). The gen-
eral CO, flux picture displays the highest fluxes for land cover types
such as dark sediment, reed and grass, which cover only 9% of the
total area, whereas land cover types with lower fluxes cover 91% of
the study area (Figure 2).

As expected, CO, fluxes at vegetated sites were lower or even
negative in the light. However, on a daily scale, even vegetated sites
were net CO, emitters, indicating that primary production was com-
pensated by respiration and/or CO, input from sediment or

groundwater.

3.2 | CO, parametrization
Table 1 indicates CO, flux dependence on land cover and thus is in
line with Bolpagni et al. (2019). CO, fluxes differed depending on
prevailing conditions such as sediment temperature, water content,
texture, elevation and distance to water (Figure 3). Despite the fact
that CO, flux had been shown to relate to sediment temperature
(Martinsen, Kragh, & SandJensen, 2019), higher and lower fluxes
occurred over the entire sediment temperature range with no clear
trend for any of the land cover classes (Figure 3a), which agrees with
results of Gallo et al. (2014). However, the temperature range covered
by our data was rather small, which hampers an in-depth analysis of
temperature dependence.

As for the sediment water content, although Goémez-Gener

et al. (2015) report a negative correlation between water content and

CO,, flux, we cannot identify any clear trend between the two. None-
theless, land cover classes tend to cluster (Figure 3b). The classes dark
sediment and grass/reed reflect higher CO, fluxes with 136 and
147 mmol m~2 day™?, respectively, but different water content values
of ~31 Vol% and ~11 Vol%. Bright/brown sediment shows the low-
est CO, fluxes with less than 21 mmol m™2 day~* and water content
of less than 3.6 Vol%. Thus, in terms of spatial CO, flux distribution,
both dark sediment and grass/reed classes seem to be of higher
importance, but water content alone does not serve as proxy.

Grain size likewise had no influence on CO, fluxes (Figure 3c) and
thus underscores the dependence of CO, to grain size gradients
(Gémez-Gener et al., 2016). Only one sample had a silt content of
more than 6 M%, all remaining ones range between 0 and 1.4 M%,
independent of land cover class. The uniformity of grain size distribu-
tion is likely to be caused by uniform sedimentation behaviour in the
study area as it remains a connected oxbow with a low flow regime.

Elevation on the contrary, seems to have a slight indicator value
as proxy for CO, flux. Higher fluxes scattered in the lower range of
elevations (39-40 m). Lower CO, fluxes plot in elevated regions of
39.5-40.7 m (Figure 3d) with an overlapping area of 39.5-40 m in
which higher and lower CO, fluxes occur in parallel. Striking in this
context is that only vegetated samples such as reed, grass and dry
grass scatter in the overlap area. The reason is likely to be associated
with the methodical procedure for retrieving elevation. The applied
photogrammetry approach is based on optical data. It produces a sur-
face model rather than an elevation model, which includes plant
heights (Watanabe & Kawahara, 2016). As the plant heights varied
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FIGURE 3 Dependence of CO, flux to prevailing spatial conditions such as soil temperature, soil moisture, silt, elevation and distance to
water at the model site. Note: land cover classes are colour coded. Mean and low water lines in (e) indicate measuring locations with higher CO,
values likely to be affected by low water level and higher water level. The horizontal line in the same panel indicates the mean CO, value for all

sample sites
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between 10 and 50 cm, the actual surface elevation at these vegeta-
tion covered sites is lower at an elevation range of less than 39.5 m.
With the correction, the elevation would correspond to the elevations
showing high CO, fluxes. Different techniques such as PRF LIDAR
(Rogers, Parrish, Ward, & Burdick, 2018) or L-band radar (Hensley
et al., 2015) offer the possibility to reduce the effect of plants on ele-
vation models due to their technical nature and may be preferable
over optical data. Once retrieved, derivable geomorphology that
determines physical characteristics of the exposed riverbed such as
water content and organic matter deposition may serve as an appro-
priate proxy for CO, flux (Arce et al., 2019).

However, as retrieving true elevation for the present case was
hampered, the Euclidean distance of CO, measurements to water is
more promising as proxy as Figure 3e shows. Within a distance of 7 m
CO, fluxes were highest with values of 101-261 mmol m~2 day™!
(median of 197 mmol m~2 day~2). With distances of more than 7 to
52m fluxes dropped below —7-40 mmol m~2 day~! (median of
17 mmol m~2 day~%). Only at distances of more than 52 m elevated
CO, fluxes of up to 4-235 mmol m™2 day! (median of
56 mmol m~2 day™?) reoccured. We argue that both areas with ele-
vated CO, fluxes represent different water levels. The more distant
area represents the mean water line for our study area along with
well-developed reed stands and higher grass. Higher CO, fluxes in this
area may be attributed to root respiration at vegetated sites that has
been shown to account for about half of the CO, production in soils
(Hanson, Edwards, Garten, & Andrews, 2000). Higher CO, fluxes in
this area may also be attributed to the availability of organic matter
that is trapped in the rather stable environment (Bolpagni
et al., 2017), along which new biomass (mostly reed) can develop.
Organic matter is then decomposed by microbial activity causing
higher CO, fluxes (Gallo et al., 2014).

The closer area within 7 m in which we observed higher CO,
fluxes is represented by two land cover classes: grass and dark sedi-
ment. Figure 3b already indicates that dark sediment was wetter than
the other sites. At the time of our study, grass, which is pioneering
and ephemeral, did not act as a sink on a daily basis as reported in
Bolpagni et al. (2017). Obviously, photosynthesis was compensated
by CO, producing processes like heterotrophic activity and/or CO,
input from groundwater. Most probably, the plants were already with-
ering due to the drought and the extreme heat.

Concluding, there is an obvious spatial dependence between
higher CO, flux and distance to water which is in line with observa-
tions of Jin et al. (2016) and Bolpagni et al. (2017). We hypothesize
the mechanism behind this to be the higher groundwater level com-
pared with the river water level. Compared with the river system, the
response of the groundwater system to drought is delayed (Peters,
Bier, Van Lanen, & Torfs, 2006; Tweed, Leblanc, & Cartwright, 2009).
The delay results in higher groundwater level than river water level
and thus in flow gradients towards the river. With flow gradients
towards the river, the exposed riverbed area between groundwater
and river water levels is constantly rewetted through discharging
groundwater. Upon reaching the sediment-atmosphere interface, CO,

dissolved in groundwater degasses. This process leads to higher CO,

fluxes, a fact that is also reported by Macklin et al. (2014) for estua-
rine canal estate waters that tap surrounding aquifers thereby artifi-
cially creating groundwater discharge hotspots. Nevertheless, besides
purely physical mobilization of groundwater-borne CO,, it is also likely
that groundwater-induced rewetting stimulates microbial respiration
in the sediment, which may additionally contribute to CO, fluxes as
described in Borken, Davidson, Gaudinski, and
Trumbore (2003).

The land cover class dark sediment supports the logical chain in

Savage,

our hypothesis (Figure 3b,d). This class exhibits lower elevations (less
than 39.4 m), corresponds to higher moisture states (more than
30 Vol%) and to higher CO, emissions (101-200 mmol m~2 day™?).
Further classes with higher CO, fluxes such as grass, dry grass and
reed reflect only slightly higher moisture states (4.8-10 Vol%) com-
pared with all other classes with less than 4 Vol%. The slightly higher
moisture states can be explained with the increased need for
pioneering plants for water during drought. All available water in the
upper centimetre will be used for plant uptake which results in
reduced sediment moisture. Elevations for these classes as given in
Figure 3 may be corrected to values less than 39.5 m (see prior expla-
nation) and would thus be in line with characteristics of the dark sedi-
ment class. However, all are within a distance of less than 7 m to
water and thus support our hypothesis of higher groundwater tables
to be the likely cause for higher CO, fluxes induced by a delayed
response of the groundwater system to droughts. Hence, for the pre-
sent case, the 7 m distance to water is a justified proxy for higher CO,
fluxes and elemental for both subsequent upscaling stages as

described below.

3.3 | Upscaling of CO, fluxes from point to local
scale (first scaling stage)

As comparison with the rather simple and possibly generalizing dis-
tance proxy, we additionally used the land cover data as obtained
from the MLC as second proxy to obtain a further area-weighted CO,
flux. Using the resulting land cover areas of the MLC and the distance
proxy, we obtained the area-weighted CO, flux for the entire model
area. Due to level of land cover detail, we assume the results to
approach the actual overall flux conditions.

Figure 2 shows the results of the MLC whereas Table 2 presents
the areal share of each land cover class and associated total daily CO,
fluxes. Following the first upscaling approach (land cover proxy), we
observed that due to the areal shares, the highest area-weighted CO,
fluxes occurred in the land cover of dry grass and brown sediment
with 0.06 tC day™! although both exhibited a medium to low discrete
in-situ flux magnitude (see Table 1). On the contrary, the class dark
sediment covered a significantly smaller area, the area-weighted CO,
flux amounted to a similar value of 0.05 + 0.02 tC day~2. All remaining
classes including reed and grass with evidently higher discrete in-situ
flux magnitudes had significantly lower area-weighted CO, fluxes
with 0.1 + 0.2 tC day™?, respectively. Thus, the detailed land cover
classification underscores the fact that land cover representing classes
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TABLE 2

Scaling approach Land cover class

Detailed land cover proxy Bright sediment
Brown sediment
Dark sediment
Dry grass
Grass
Reed
Distance proxy <7m

>7m
Distance proxy (heterogeneity corrected)® <7m

>7 m

Comparison of area-weighted CO, fluxes using different scaling approaches presented within this study (mean + SD)

Area Daily CO, flux Sum of all daily CO, fluxes
(m?) (%) (tC day™?) (tC day™)
15,560 14 0.01+0.02 0.20+0.17
68,871 61 0.06 + 0.04

7,771 7 0.05 £ 0.02

18,868 16 0.06 + 0.07

1,003 1 0.01+0.01

1,052 1 0.01+0.01

23,172 20 0.20 + 0.07 0.37 +0.30
89,954 80 0.17 £0.24

23,172 20 0.05 +0.02 0.22+0.24
89,954 80 0.17+0.24

Note: For the scaling approach ‘distance proxy with heterogeneity’, the derived factor of 0.27 to account for heterogeneity was applied to the class <7 m

only.

?Heterogeneity corrected refers to the elaborated percentile area weights of 27% of the class ‘dark sediment’ included in the <7 m distance class (see

Section 3.3).

with active vegetation was less important considering the overall
area-weighted CO, flux of 0.20 + 0.17 tC day™2. On the contrary, the
classes dark/brown sediment and dry grass contribute 83% to the
overall weighted CO, flux of 0.20 + 0.17 tC day™*. Although this gen-
eral picture remains valid, the classification uncertainty for the classes
dry grass and grass (Figure S2) introduce a certain degree of uncer-
tainty for the CO, flux of both classes.

Using the distance proxy as upscaling approach results in a
higher overall area-weighted CO, flux of 0.37 + 0.30 tC day™!
(Table 2) suggesting a CO, flux overestimation compared with the
obtained values using the detailed land cover proxy. The difference
can be attributed to the aquifer heterogeneity that is also men-
tioned in Duvert et al. (2018). Aquifer heterogeneity results in non-
homogenous groundwater discharge over the entire 7 m distance
area. Instead, discharge can be assumed localized. Figure 2b sup-
ports the patchiness indicating that the class dark sediment as indi-
cator for moister, and thus groundwater discharge areas with
higher CO, fluxes, is one contributor among others over the 7 m
distance. In fact, the class dark sediment accounted for only 27% of
the total of less than 7 m area. If we account for the lower areal share
of 27% thereby including aquifer heterogeneity, we obtain an area-
weighted overall CO, flux of 0.22 + 0.24 tC day~?, which matches
remarkably the area-weighted overall flux of the detailed land cover
scaling approach (Table 2).

Since detailed land cover data may not be generally available
at other study sites or over large spatial scales and water areas
can be easily extractable using different approaches and platforms
even over large spatial scales (Ghahremani & Bondarev, 2017,
Gleason et al., 2015; Kaplan & Avdan, 2017), we argue that the
corrected distance proxy is a reasonable approach to upscale dis-
crete in-situ CO, measurements. However, as hydrogeological and

sedimentological conditions may change along a river as indicated

by Duvert et al. (2018), distance dependency may be site specific
and thus may vary to the 7 m distance value elaborated in the
present study or even over time. Future in-situ measurements
should therefore focus on a validation and possibly better repre-
sentation of CO, measurements on exposed river sediment close

to water.

3.4 | Upscaling of CO, fluxes from local to Elbe
scale (second scaling stage)

The second scaling stage relies on the knowledge of the area of
exposed river sediments during drought periods. For the German Elbe,
the 2018 drought exposed 28.62 km? of river sediments compared
with the water area covered during mean water level. Given a total
Elbe water area of 1064 km? during mean level conditions as
retrieved from the satellite analysis, the percentage water area reduc-
tion during the drought 2018 amounts to 26.9% varying between 2%
and 40% throughout the longitudinal profile of the Elbe River
(Figure 4a). Although the relative values would not change, the abso-
lute areas of exposed river sediments may increase by ~10% account-
ing for the missing area that could not be processed due to cloud
contamination.

The variation and thus the amount of exposed river sediments is
mainly governed by the river width and the number of groyne fields.
The more groyne fields exist and the wider the river, the higher the
variation and area of exposed river sediments. Both steadily increase
over the entire longitudinal profile of the Elbe River and reach their
maximum between river km 400 and 540 (Figure 4a; IKSE, 2005).
At this maximum the exposed river sediment area amounts to ~1 km?
per 10 km river segment during drought conditions, whereas
upstream, it varied between 0.2-0.6 km? (Figure 4b). Beyond km 540,
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FIGURE 4

Elbe water area for 10 km segments along the entire longitudinal profile is shown during drought conditions in October 2018 (red

curve) and during mean level conditions (blue curve) in (a); the absolute area of so exposed river sediments between drought and mean level
conditions is shown in (b); calculated CO, flux using the derived distance proxy is shown in (c); calculated CO, flux using the detailed land cover is
shown in (d). Different exemplary Elbe river segments illustrate the water area between mean level conditions (blue) and drought conditions (red).

The difference of both results in the exposed river sediment area

the Elbe is influenced by the weir at Geesthacht, which reduces the
exposed area to a minimum of 0.04 km? (IKSE, 2005).

Taking the deduced area of exposed river sediments of the entire
Elbe as a basis and applying the above elaborated percentile area
weights of the heterogeneity-corrected distance proxy and the
detailed land cover proxy to upscale CO, flux measurement for each
of the 10 km segments results in the values shown in Figure 4c,d.
Analogous to the exposed river sediment area, CO, fluxes increased
steadily until km 400 reaching values of 2.5-3.0 tC day~* for both
upscaling proxies. Between km 400 and 540, fluxes of both increased
to values more than 5 tC day™2. The overall flux for the heterogene-
ity-corrected distance proxy results in a total 56.6 + 64.8 tC day™! of
CO, emissions, whereas the second more detailed upscaling approach
(land cover proxy) provides a CO, flux of 52.9 + 44.6 tC day™!
(Table 3).

Both upscaling approaches assume a spatiotemporal continuity in
terms of areal share, land cover and an equally dissolved amount of
CO, in groundwater alongside the entire river system. Considering
the sediment variability over the entire longitudinal profile of a river
system, a gradual increase of fine material towards downstream sec-
tions is likely to be reflected in the sediment banks, which may cause
better conditions for pioneering plants and which does affect total
CO, emissions. Pioneering plants require time to develop and to
spread on exposed river sediment areas but contribute substantially
to overall CO, flux through root respiration as shown for grass and
reed. Typically, root respiration contributes about 50% to total soil
respiration in vegetated soils, but values can go up to more than 90%
(Hanson et al., 2000). Although it could not be investigated during the
present study, microbial activity is likely to contribute to overall CO,

flux as well (Gallo et al, 2014). The contribution may be more
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TABLE 3
7 m)
Area
Land cover
Scaling approach class (km?)
Detailed land cover Bright sediment 3.9
Brown 17.4
sediment
Dark sediment 2.0
Dry grass 4.8
Grass 0.3
Reed 0.3
Distance proxy <7m 5.9
>7m 22.8
Distance proxy (heterogeneity <7 m 5.9
corrected)? s7m 228

Daily CO, flux for entire

Elbe

Daily CO, fluxes for the entire Elbe River at the example of two upscaling approaches (detailed land cover and distance proxy of

Sum of daily CO, fluxes per scaling
approach

(tC day™?)

3.7
14.9

11.7
15.3

(tC day™?)
+55 529 +44.6

93

+48
+17.6

34+34

3.9
50.9
431
135
431

+4.0
+16.6
+ 60.4
+44
+60.4

94.0+77.0

56.62 + 64.8

Note: The basis for the area calculation is taken from exposed river sediment area of 28.62 km? for the 2018 drought and the areal share dervied from the

previous upscaling stage.

?Heterogeneity corrected refers to the elaborated percentile area weights of 27% of the class ‘dark sediment’ included in the <7 m distance class (see

Section 3.3).

pronounced at the groundwater rewetted fringe along the river or at
vegetated sites of the newly exposed areas. In the latter case, vegeta-
tion may act as a trap for organic matter that later becomes
decomposed microbial material leading to higher CO, fluxes.

Apart from spatial heterogeneities over the largescale river sys-
tem, it is also likely that temporal fluctuations exist. Marcé et al. (2018)
state the magnitude of the CO, flux to depend on several factors such
as time since drying, temperature or state of the vegetation, which
results in temporal fluctuations. Moreover, the spatial CO, distribu-
tion is likely to differ due to previously described heterogeneity and
the influence of varying catchment characteristics including lithology,
topography, soil types, climate and vegetation (Deirmendjian &
Abril, 2018).

Due to the spatial and temporal dynamics that could not be cov-
ered within this study, the resulting distance proxy approach can con-
sequentially only serve as first-order approximation and must be
validated in future studies. Yet, given the complex nature and the
large-scale system of the Elbe River, the presented methodological
approach represents a straightforward mode for the upscaling of in
situ CO, using spatial dependencies. As such, the entire approach
may function as further refinement of CO, upscaling as presented, for
example, in von Schiller et al. (2014). Assuming our study situation to
be representative for the 117 days with comparable conditions (see
Section 2.1), the approximate total CO, emission from exposed river
sediments during the extreme 2018 drought amounts to
~6,200-6,600 t year™t. Thus, the exposure of sediments created a
considerable CO, source since the water of the Elbe River itself was
undersaturated with respect to CO, (Staniek, 2019).

The upscaling of CO, emissions from exposed sediments to an
entire river system as presented here combined with temporally con-

tinuous in-situ monitoring at various representative segments and

locations along the river system may even provide the possibility to
obtain temporally continuous CO, emission estimations on the large
river system scale and thus a step forward compared with spatially
and temporally discrete measurements. Herein, applied satellite prod-
ucts may be available every 2-5 days (Li & Roy, 2017), if no cloud
interference is present. Radar remote sensing data, of the same Senti-
nel family for example, may provide earth information regardless of
the cloud condition due to longer wavelengths that are not suscepti-
ble to atmospheric scattering. Thus, incorporating radar remote sens-
ing to map water extents, as Bioresita, Puissant, Stumpf, and
Malet (2018) have shown, facilitates the upscaling of in-situ CO,
emissions to river system scale at a temporal resolution of less than
6 days. CO, emissions during droughts that may last in the order of
days or weeks can thus be thoroughly estimated. The estimation may
even be longterm since the Sentinel Mission is planned until 2030
with followup missions already planned beyond 2030 (Pahlevan,
Sarkar, Franz, Balasubramanian, & He, 2017). Against the background
of increased drought reoccurrence frequency in the future in the con-
text of climate change (Stocker et al., 2013), the largescale monitoring
option is especially important as consequentially the estimation would
facilitate the monitoring of CO, emissions on a river scale and beyond

over temporal scales relevant to climate change.

4 | CONCLUSIONS

The proposed methods facilitate the upscaling of spatially discrete
CO, fluxes from exposed river sediments to the scale of an entire
river. Through this upscaling, CO, fluxes can be quantified on larger
and spatially continuous scales, providing an option to determine the

effect of droughts on CO, fluxes. The option may become highly
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relevant in light of an increased drought reoccurrence frequency in
the future in the context of climate change.

The upscaling approach using detailed land cover even accounts
for the natural spatial heterogeneity and may thus be preferable. Yet
detailed land cover may not be generally available at other study sites
or over larger spatial scales such as river systems. For these systems,
water areas prior and during drought events, and thus exposed river
sediment areas, can be easily extracted using different approaches
and platforms (Ghahremani & Bondarev, 2017; Gleason et al., 2015;
Kaplan & Avdan, 2017). This is why we argue that the corrected dis-
tance proxy is a reasonable and efficient approach to upscale discrete
in-situ CO, measurements. However, as hydrogeological and sedi-
mentological conditions may change along a river, distance depen-
dency may be site specific and thus may vary from the 7 m distance
value elaborated in the present study or even over time. However,
both indicate a spatial heterogeneous flux attributable to the abiotic
groundwater discharge along exposed river sediments and biotic
mechanisms such as microbial activity and root respiration of
pioneering plants.

For the Elbe River we derived values of 56.6 + 64.8 tC day™!
(corrected distance proxy) and 52.9 + 44.6 tC day™* (land cover proxy)
of CO, emissions from exposed river sediment during drought condi-
tions. Both CO, emission values must be seen as first-order approxi-
mation since they represent temporally discrete measurements and
are therefore representative for this moment in time only. Temporal
dynamics such as vegetation development, temperature and drying
effects and change of water level gradients will affect CO, emissions
but could not be accounted for in this study. Consequentially, the
dependency on temporal dynamics requires future research pursuing
distance dependent long-term investigations to constrain the temporal
variability of CO, flux of exposed river sediments. However, both
approaches include the spatial heterogeneity of entire river systems.
This inclusion is up to a level of detail that, given the complex nature
of a large-scale river system, the approach may function as a further
refinement for CO, upscaling compared with previous approaches.

Given a factually available high frequency satellite overpass of
less than 6 days, the combination of the presented approach and tem-
porally continuous in-situ CO, measurements, CO, emissions may be
estimated quasi-continuous for entire river systems during droughts
and beyond. Against the background of predicted increased drought
reoccurrence frequency in the future in the context of climate change
(Stocker et al., 2013), a river scale CO, monitoring would allow the
estimation of CO, emissions on a regional scale and beyond over tem-

poral scales relevant to climate change.
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