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Abstract: Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation
of their mitigation potential by restoration measures

The quantification of greenhouse gas (GHG) emissions is essential to predict future develop-
ments of climate change. However, the quantification of GHG emissions in the sector of inland
waters remains challenging due to a scarce database and highly uncertain estimations of emis-
sion factors provided by the IPCC. This review deals with the role of inland waters in Germany,
including natural and heavily modified waters such as lakes, streams, rivers, estuaries and artifi-
cial waters such as canals, reservoirs, ponds and ditches, as sources of GHG emissions under nat-
ural, but primarily under anthropogenically altered conditions. The three most relevant GHGs
were considered, which are carbon dioxide (CO2), methane (CH4) and nitrous oxide (N20). The
aims of this review were (1) to conduct a systematic meta-analysis of national and international
studies on the carbon (C) cycle and GHG emissions of natural, heavily modified and artificial in-
land waters (according to the Water Framework Directive, WFD) and (2) to estimate the mitiga-
tion potential of GHG emissions through restoration measures. The main focus was on im-
pounded waters in temperate zones.

As aresult of the meta-analysis, 252 studies were identified, categorised and analysed. Two
main chapters of this review deal with the description of relevant anthropogenic pressures and
their impacts on GHG emissions, as well as with potential mitigation measures to reduce GHG
emissions from inland waters. Anthropogenic pressures were selected according to the report-
ing system of the German Working Group on Water Issues of the Federal States and the Federal
Government for the Implementation of the WFD and Marine Strategy Framework Directive
(MSFD) (LAWA 2022) and include substance loads (organic and inorganic), hydromorphological
pressures (dams, barriers, reservoirs, and other hydrological and morphological alterations) and
other pressures.

The review of the current literature revealed that anthropogenically impaired inland waters
were identified to be hotspots of GHG emissions compared to natural conditions. The most rele-
vant pressures are the input of organic and inorganic substances and hydromorphological
changes.

Types of measures to restore inland waters were described according to the list of types of
measures for the WFD and MSFD reporting in Germany. Shortly, measures on the reduction of
organic and inorganic pollution, improvement of river continuity and restoration, reconnection
of rivers to floodplains and natural water retention were included to describe their benefits on
the reduction of GHG emissions. Ultimately, current knowledge gaps and research needs were
identified and summarised. Results show that the potential of restoration measures to prevent
further anthropogenic GHG emissions seems to be very high, so that global and extensive
measures could greatly reduce the GHG production and emission of inland waters.

This review mainly highlights the urgent need for a more profound and representative database
of GHG emissions from German inland waters. In addition, efforts are needed to record emis-
sions not only from artificial water bodies, but also from natural and heavily modified water
bodies, as these have been scientifically proven to make a significant contribution to the produc-
tion and release of GHGs. A major advantage is the high overlap between water and nature con-
servation measures. Existing synergies should be taken into account both to improve the general
ecological status and to reduce anthropogenically increased GHG emissions from German inland
waters.
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Kurzbeschreibung: Klimarelevante Treibhausgasemissionen aus deutschen Binnengewassern und
Abschatzung des Minderungspotenzials durch Renaturierungsmaflnahmen

Die Quantifizierung von Treibhausgasemissionen (THG-Emissionen) ist flir die Vorhersage kiinf-
tiger Entwicklungen des Klimawandels unerlasslich. Die Quantifizierung der THG-Emissionen im
Bereich der Binnengewadsser ist jedoch aufgrund der sparlichen Datenbasis und der sehr unsi-
cheren Schatzungen der Emissionsfaktoren des IPCC nach wie vor schwierig. Dieser Bericht be-
fasst sich mit der Rolle der Binnengewasser in Deutschland, unter Beriicksichtigung von nattirli-
chen und erheblich verianderten Gewissern wie Seen, Biachen, Fliissen, Astuaren und kiinstli-
chen Gewdassern wie Kanalen, Reservoiren, Teichen und Graben, als Quelle von THG-Emissionen
unter natlirlichen, aber vor allem unter anthropogen veranderten Bedingungen. Dabei wurden
die drei wichtigsten THG Kohlendioxid (CO2), Methan (CH4) und Lachgas/Distickstoffmonoxid
(N20) betrachtet. Ziel dieses Berichts war es, (1) eine systematische Literaturrecherche nationa-
ler und internationaler Studien tiber den Kohlenstoffkreislauf und die THG-Emissionen nattirli-
cher, erheblich verdanderter und kiinstlicher Binnengewasser (gemaf3 der Wasserrahmenrichtli-
nie, WRRL) durchzufiihren und (2) das Minderungspotenzial von THG-Emissionen durch Rena-
turierungsmafinahmen abzuschatzen. Das Hauptaugenmerk lag dabei auf aufgestauten Gewds-
sern in gemafdigten Zonen.

Als Ergebnis der Literaturrecherche wurden 252 Studien identifiziert, kategorisiert und analy-
siert. Zwei Hauptkapitel dieses Berichts befassen sich mit der Beschreibung relevanter anthro-
pogener Belastungen und ihrer Auswirkungen auf THG-Emissionen, sowie mit potenziellen
Mafdnahmen zur Reduzierung von THG-Emissionen aus Binnengewassern. Die anthropogenen
Belastungen wurden nach dem Berichtssystem der Bund-Lander-Arbeitsgemeinschaft Wasser
zur Umsetzung der WRRL und der Meeresstrategie-Rahmenrichtlinie (MSRL) (LAWA 2022) aus-
gewahlt und umfassen Stoffeintrage (organisch und anorganisch), hydromorphologische Belas-
tungen (Damme, Barrieren, Stauseen, andere hydrologische und morphologische Verdanderun-
gen) und sonstige Belastungen.

Die Auswertung der aktuellen Literatur ergab, dass anthropogen beeintrachtigte Binnengewdas-
ser im Vergleich zu natiirlichen Gewassern als Hotspots fiir THG-Emissionen identifiziert wur-
den. Die wichtigsten Belastungen bzw. Ursachen dabei sind der Eintrag von organischen und an-
organischen Stoffen und hydromorphologische Veranderungen.

Die Mafdnahmenkategorien zur Renaturierung von Binnengewassern wurden entsprechend der
wichtigsten Mafdnahmentypen fiir die nationale Berichterstattung zur WRRL und MSRL be-
schrieben. Hierbei wurden Mafinahmen zur Verringerung der organischen und anorganischen
Verschmutzung, zur Verbesserung der Durchgiangigkeit und Renaturierung von Fliissen, zur
Wiederanbindung von Fliissen an Uberschwemmungsgebiete (Auen), zur Verbesserung des hyd-
rologischen Regimes in den Gewassern und zum natiirlichen Wasserriickhalt in den Bericht auf-
genommen, um deren Nutzen fiir die Verringerung der THG-Emissionen zu beschreiben.
Schliefdlich wurden die aktuellen Wissensliicken und der Forschungsbedarf ermittelt und zu-
sammengefasst. Das Potenzial von Renaturierungsmafinahmen zur Vermeidung weiterer anth-
ropogen verursachter THG-Emissionen wird auf Basis der Literaturrecherche als sehr hoch ein-
geschatzt, so dass globale und umfassende Mafdnahmen die THG-Produktion und -Emissionen
von Binnengewassern stark reduzieren konnten.

Dieser Bericht verdeutlicht vor allem den dringenden Bedarf an einer umfassenderen und repra-
sentativen Datenbasis zu den THG-Emissionen deutscher Binnengewdsser, insbesondere der
aufgestauten Gewdsser. Dariliber hinaus ist es notwendig, nicht nur Emissionen aus kiinstlichen,
sondern auch aus natiirlichen und erheblich veranderten Gewassern zu erfassen, da diese wis-
senschaftlich erwiesenermafien einen hohen Beitrag zur Produktion und Freisetzung von THG
leisten. Ein grofler Vorteil ist die hohe Uberschneidung zwischen Wasser- und
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Naturschutzmafinahmen. Bestehende Synergien sollten sowohl zur Verbesserung des allgemei-
nen 6kologischen Zustands als auch zur Reduzierung der anthropogen erh6hten THG-Emissio-
nen deutscher Binnengewdsser beriicksichtigt werden.
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Summary

The significance of German inland waters in the context of the release of greenhouse gases
(GHGs) as a driver of global warming has not yet been sufficiently recognised. However, interna-
tional and national studies suggest that the overall release of GHGs from inland waters is rela-
tively high and thus significant.

According to the European Water Framework Directive (WFD), the term “inland waters” in-
cludes natural and heavily modified waters such as lakes, streams, rivers, estuaries and artificial
waters such as canals, reservoirs, ponds and ditches. Inland waters are natural sources espe-
cially of carbon dioxide (CO). For rivers, Harmon (2020) stated that 25- 44 % of terrestrial riv-
erine C is respired and emitted to the atmosphere. However, anthropogenic alterations can not
only increase the production of CO», but also of other GHGs.

The three most important GHGs are CO2, methane (CH4, 27 times more potent than CO; in terms
of global warming potential in 100 years, [IPCC 2021) and nitrous oxide/dinitrogen monoxide
(N20, 273 times more potent than CO; in terms of global warming potential in 100 years, I[PCC
2021). With regard to these GHGs, this review addresses the following key issues:

1. Research, analysis and evaluation of national and international literature on the carbon (C)
cycle and GHG emissions of natural, heavily modified and artificial inland waters.

2. Estimation of the reduction potential of GHG emissions through restoration measures on in-
land waters (and their floodplains).

Important questions in this context are:

» Which significant anthropogenic changes (e.g. eutrophication, loss of floodplains due to the
development of watercourses) lead to which changes in the C cycle and in GHG emissions?

» What are the differences in the GHG balance of dammed rivers compared to non-dammed
rivers?

» How can GHG emissions be quantified? How plausible are the emission factors/default val-
ues for CH4 according to the 2019 Refinement to the 2006 IPCC Guidelines (IPCC 2019) for
cold-temperate climate zones (including Germany)?

» Which measures have the greatest impact for natural climate protection?

All of this is particularly important because for the first time, the current National Inventory Re-
port (NIR) 2023 on the German GHG inventory (UBA 2023a) also reports on emissions from wa-
ter bodies, but only from flowing and standing artificial water bodies. In addition, only CH4 emis-
sions were calculated by using the standard method of the 2019 Refinement to the 2006 IPCC
Guidelines (IPCC 2019) to estimate the national inventory of anthropogenic emissions.

This study first describes the basic principles of natural and anthropogenically enhanced GHG
production and emission in inland waters (Chapter 3). Subsequently, the results of the system-
atic meta-analysis are presented as a central component of this study (Chapter 4).

In order to primarily include state-of-the-art studies that are likely to use up-to-date methods
for determining and evaluating GHG emissions, the search focused mainly on studies from 2015
to 2023 (cut-off date: 14 December 2023). The meta-analysis identified 252 relevant studies.
The majority of these were carried out in Europe. All studies were labelled according to the fol-
lowing main categories: Continent, landscape, GHG species, pressure type, flow type (standing or
flowing), water body type/type of terrestrial area, type of study, study with reference to
measures (e.g. restoration), not GHG-related and dealing with specific elements (carbon,

14
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nitrogen, phosphorus). With the help of the meta-analysis, numerous studies with a high infor-
mation content or with specific results on scientifically substantiated relationships were identi-
fied and included for the chapters described below.

A broad chapter is devoted to the effects of anthropogenic pressures on the C cycle and GHG
emissions in/from inland waters (Chapter 5; Figure 1, identical with Figure 11).

Figure 1: Scheme of CO;, CH, and N,O cycling in heavily modified or artificial water bodies us-
ing the example of rivers with barriers (identical with Figure 11)

Atmospheric deposition:
inorganic and organic
nutrients

Retention time

Organic
carbon

_ Accumulated sediments

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

The types of pressures analysed in this review correspond to the reporting system of the Ger-
man Working Group on Water Issues of the Federal States and the Federal Government for the
Implementation of the WFD and Marine Strategy Framework Directive (MSFD) (LAWA 2022).
The following types of pressures relevant to GHG emissions are analysed here (with subcatego-
ries):

» Substance loads from point and diffuse sources
e Input of organic substances into the aquatic environment

e Input of inorganic substances into the aquatic environment and subsequent internal pro-
duction of organic matter

» Hydromorphological pressures
e Dams, barriers and locks
e Reservoirs (due to their great importance as a separate category)

e Hydrological alterations

15
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e Morphological alterations
» Other pressures

After dealing with the pressure types, basic options for the quantification of GHG emissions are
described (Chapter 6). This chapter deals with the approaches (1) representative in situ meas-
urements, (2) statistical modelling, (3) stochastic modelling, (4) deterministic modelling and (5)
the mixed form of stochastic-deterministic modelling. Measurements with the highest possible
representativeness (spatial, temporal, load-dependent, water body type, properties of the hydro-
logical catchment area, etc.) are always of fundamental importance.

Subsequently, the focus is on possible measures to reduce GHG emissions from inland waters
(Chapter 7). The majority of restoration measures that lead to an improvement in the ecological
status of inland waters also have a high potential for reducing GHG emissions, meaning that ex-
tensive synergies can be exploited.

The measures discussed in this review were derived directly from the system of key types of
measures for the WFD reporting of the German Working Group on Water Issues (LAWA) and the
Federal Government (LAWA 2022) but were summarised into groups. For each of the following
groups, descriptions of the measures and their physical and biogeochemical impacts were pro-
vided, as well as descriptions of the benefits in terms of reducing GHG emissions:

» Reduction of organic pollution and inorganic nutrient pollution of waters

» Improvement of longitudinal river continuity (but only measures aimed at completely or at
least significantly reducing the hydrodynamic barrier effect)

» River restoration
» Reconnecting rivers to floodplains (C storage in floodplains, especially in peatlands)

» Improvements in flow regime and/or re-establishment of a functional water balance /hydro-
logical regime

» Natural water retention measures (in the floodplain and catchment area)

Key findings of this review

» The significance of GHG release (COz, CH4, N20O) from inland waters is currently not suffi-
ciently quantifiable but should be considered comparatively high. This is due to their natural
function as a preflood of runoff from land areas, so that large quantities of organic and inor-
ganic substances are concentrated and biologically processed. On a global scale, Lauerwald
et al. (2023b) estimate the contribution of inland waters to CH4 emissions at around 20 %.
The proportions of CO2 and N»O are not yet known.

» The meta-analysis revealed that the greatly increased GHG release compared to natural con-
ditions is of anthropogenic origin. A stronger anthropogenic pressure therefore stimulates a
higher GHG production and release.

» The main cause of increased GHG release is the pollution of waters by organic and inorganic
matter inputs (especially P and N). The latter stimulates primary production (algae and mac-
rophytes) and results in a secondary organic pollution. Especially N inputs promote an in-
creased N0 release. The persistent organic pollution of German inland waters is evident, as
demonstrated by the results of the national reporting on the implementation of the WFD
(Volker et al. 2022).
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>

Results of the meta-analysis show that increasing nutrient loads over the next century could
lead to an increase of CH4 emissions from lakes and reservoirs by 30 - 90 % (Beaulieu et al.
2019). With regard to CO2, CHs and N0, a global increase of eutrophication could result in an
increase of the GHG effect by 5 - 40 % (DelSontro et al. 2018). Concerning the global temper-
ature increase, it is estimated that each temperature increase by 1°C could resultin 6 - 20 %
more CH4 originating from ebullition in freshwaters (Aben et al. 2017).

In natural and heavily modified waters and their floodplains, anthropogenic alterations to
water bodies and their floodplains (morphological, hydrological) increase organic pollution,
reduce self-cleaning processes, intensify eutrophication and promote an increased accumu-
lation of organic matter in the sediment with a simultaneous lack of oxygen. These condi-
tions favour the release of GHGs. In artificial waters, unnatural hydromorphological /hydrau-
lic conditions promote the release of GHGs, especially CH4 and N>O.

Dams and barriers enable the accumulation of organic material in their backwater and thus,
appear to be particularly negative or disadvantageous in terms of GHG emissions.

A comparison of GHG emissions from natural boreal lakes and reservoirs revealed 10x
higher emissions in the reservoirs (Tranvik et al. 2009). GHG emissions from reservoirs are
estimated to account for 1 % of global anthropogenic emissions (Li et a. 2022), where the
highest contribution originates from CH4 emissions (Deemer et al. 2016). N,O emissions
from reservoirs, as COz-equivalents, were found to potentially account for around 30 % of
the CH4 emissions given as COz-equivalents (Descloux et al. 2017).

Consideration of drawdown areas raises global CO; emissions of reservoirs by 53 % (Keller
et al. 2021). This results in an increase of CO, emissions of inland waters by 6 - 10 % (Marcé
etal. 2019; Keller et al. 2020).

Hydropower replaces non-renewable energy and therefore generally leads to a reduction in
GHG emissions from electricity production. However, a case study based on in situ data
(Lorke & Burgis 2018) shows that the GHG emissions resulting from the reservoir upstream
of the barrage cancels out this climate protection benefit to a large extent (21 % of the emis-
sion savings in terms of CO;-equivalents from the relevant hydropower plant are already lost
due to increased CH4 emissions). The negative impact of barrages on water ecology is also
evident from a WFD perspective.

The analysis of the pressure types for anthropogenically increased GHG emissions shows
that there is a considerable overlap with the pressure types in the field of water protection.
However, this also opens up the possibility of considering water protection and climate pro-
tection measures synergistically. Water protection measures are therefore usually also effec-
tive climate protection measures.

Currently, the real extent of GHG release from German inland waters is significantly underes-
timated by the national GHG inventory (UBA 2023a) due to the current consideration of only
CH4 emissions from artificial waters.

The emission factors used in UBA (2023a) for the sole CH4 release from water bodies on
mineral soils and > 20 years old only represent global average values and are subject to large
uncertainties (IPCC 2019). Thus, the current estimation of German CH4 release balances for
standing and flowing artificial waters should be considered uncertain.

The IPCC's (2019) technical recommendation to exclude GHG emissions from natural waters
(including also heavily modified water bodies) in the national GHG inventories for

17



TEXTE Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation of their mitigation potential
by restoration measures — A review

Table 1:

international reporting should be critically scrutinised. Currently, only artificial water bodies
are considered which account for only 14 % of the area of all German inland waters (UBA
2023a). However, more than 90 % of all natural German water bodies do not achieve the
"good ecological status” required by the WFD (Volker et al. 2022), indicating significant an-
thropogenic pollution and a high potential for currently unconsidered GHG emissions.

Overall, the release of GHGs from German inland waters is unknown to a large extent. This
emphasises the urgency of improving the state of knowledge, as well as the database in or-
der to identify measures of the various legal instruments for water protection and nature
conservation and their synergies with climate protection goals. For instance, the Federal
Government's current "Action Programme for Nature-based Climate Protection" (BMUV
2023b) focuses on the interface between nature conservation and climate protection, as nat-
ural and near-natural ecosystems are not only fundamental to biodiversity, but also play a

key role in climate protection.

To estimate the effectiveness of the types of measures in terms of reducing the release of
GHGs from inland waters, a three-class assessment was carried out, differentiated for CO>,
CH4 and N0 (Table 1, identical with Table 5).

tical with Table 5)

Effectiveness of types of measures to reduce GHG release from inland waters (iden-

Three-class evaluation based on the meta-analysis (low, moderate, high)

Measure types

Reduction of organic pollution and inorganic
nutrient pollution of water bodies

Improving longitudinal continuity

(only measures aimed at completely or at
least significantly reducing the hydrodynamic
barrier effect)

River restoration

Reconnecting rivers to floodplains (C storage
in floodplains, especially in peatlands)

Improvements in flow regime and/or re-es-
tablishment of a functional water balance/hy-
drological regime

Natural water retention measures

Open research questions

Effectiveness in
reducing the re-
lease of CO2
high

low

moderate - high

moderate - high

low

moderate - high

This review identified two main research topics:

1.

Effectiveness in
reducing the re-
lease of CHa
high

high

moderate - high

moderate - high

moderate - high

moderate - high

Effectiveness in
reducing the re-
lease of N.O
high

high

moderate

moderate

low - moderate

moderate - high

An improvement of the database of GHG emissions from inland waters as an essential part of
the analysis, balancing and evaluation of anthropogenic GHG pollution as a driver of global

climate change.

Consideration and linking of GHG emissions from inland waters with the objectives and

measures of water and floodplain protection (water management and nature conservation).

The following differentiated research tasks arise from the national perspective:
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It is necessary to obtain sufficient in situ data on GHG release of inland waters in Germany
according to the standards of (1) spatial and temporal representativeness, such as covering
complete annual cycles over several years, (2) reflection of the diversity of water body types
and the main parameters influencing GHG release (morphometry, hydrology, etc.) and (3)
coverage of the different trophic situations.

There is a great need for action in Germany to develop (1) a suitable, representative and
standardised measurement strategy for the release of GHGs (CHas, N20 and CO3) from all
types of inland waters and (2) appropriate transfer functions for balancing (in the form of
emission factors, see also Lauerwald et al. 2023a, b) based on profound statistical ap-
proaches.

Four transfer pathways of GHGs from water bodies to the atmosphere should be adequately
considered: (1) release through upwelling gas bubbles, (2) diffusive gas exchange at the wa-
ter surface, (3) degassing downstream and (4) emission via emersed macrophytes. Degas-
sing, for instance, was found to be previously highly underestimated and it seems likely that
this pathway might account for the highest CHs4 release from reservoirs (Harrison et al.
2021).

In the short/medium term, it is necessary to obtain reliable (statistical) transfer functions as
a basis for well-founded estimates (emission factors for appropriate water body types with
regard to key parameters/characteristics and organic and inorganic loads). In the me-
dium/long term, the derivation of deterministic and/or mixed stochastic-deterministic mod-
els can help to improve the transfer approaches.

The current German GHG inventory (UBA 2023a) is lacking data on: a) CO; release from all
categories of inland waters, b) N»O release from all categories of inland waters, c) CHs re-
lease from standing and flowing waters of natural origin (including natural and heavily mod-
ified water bodies according to the WFD), d) CH4 release from standing and flowing artificial
waters constructed less than 20 years ago. Thus, there is a considerable need for supplemen-
tation.

The approach used in UBA (2023a) to determine average emission factors depending on the
trophic status of water bodies is appropriate (reduction/other scaling of the default values
according to IPCC 2019), as is the data basis used for this approach (based on Hoehn et al.
2009). However, it is very likely not representative of the diversity of water types and their
individual trophic situation, especially of small waters. Methodological enhancements should
be made here, including the necessary data acquisition.

Natural climate protection ("Natural Climate Protection Action Programme", BMUV 2023a)
along inland waters and their floodplains is essentially based on water protection measures.
Nature-based water protection solutions (Albert et al. 20223, b) are predominantly also cli-
mate adaptation measures, since e.g. wetland buffer zones are estimated to retain 43 % of
total nitrogen and 21 % of total phosphorus loads (Walton et al 2020), resulting in smaller
nutrient pools and less GHG production. The corresponding synergies should be demon-
strated and evaluated, also in terms of multiple target fulfilment and cost-effective imple-
mentation (see e.g. Mehl et al. 2023a). This should also apply to measures within the German
federal programme “Blaues Band Deutschland” (BMVI/BMU 2020).

The great importance of GHG release from water bodies and floodplains should also be con-
sidered when assessing ecosystem services in terms of the natural retention of GHGs (Scholz
etal. 2012; Mehl et al. 2013, 2020; Podschun et al. 2018a; Mehl 2021; Von Keitz et al. 2022).
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Existing methods should continuously be improved as further knowledge of the scientific ba-
sis increases (Podschun et al. 2018b; Gerner et al. 2023).

» Implemented measures in accordance with the type of measures under the WFD/LAWA
(2022) should be monitored for their effectiveness on the reduction of GHG release. It is also
advisable to investigate the interactions of GHG release/binding in water bodies and flood-
plains (especially peatlands).
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Zusammenfassung

Die Bedeutung der deutschen Binnengewasser im Kontext der Freisetzung von Treibhausgasen
(THG) als Treiber der globalen Erderwarmung ist bislang nicht bzw. nur ungentigend bekannt.
Internationale und nationale Studien lassen darauf schliefden, dass die THG-Freisetzung aus Bin-
nengewadssern insgesamt relativ hoch und damit bedeutsam ist.

Unter den Begriff der Binnengewasser fallen gemafd Europaischer Wasserrahmenrichtlinie
(WRRL) natiirliche und (anthropogen) erheblich veranderte Gewasser wie Seen, Bache, Fliisse,
Flussmiindungen/Astuare sowie kiinstliche Gewisser wie z. B. Kanile, Stauseen, Teiche und Gri-
ben. Binnengewadsser sind natiirliche Quellen insbesondere von Kohlendioxid (CO). Fiir Fliisse
stellte Harmon (2020) fest, dass 25 bis 44 % des terrestrisch eingetragenen Kohlenstoffs biolo-
gisch abgebaut und als CO; in die Atmosphare abgegeben werden. Anthropogene Veranderun-
gen konnen jedoch nicht nur die Produktion von CO», sondern auch von anderen THG erh6hen.

Fiir die drei wichtigsten THG Kohlendioxid (CO2), Methan (CHs4, 27-mal starker als CO; im Hin-
blick auf das globale Erwdarmungspotenzial in 100 Jahren, IPCC 2021) und Lachgas/Distickstoft-
monoxid (N20, 273-mal starker als CO, im Hinblick auf das globale Erwarmungspotenzial in 100
Jahren, IPCC 2021) befasst sich die vorliegende Studie daher mit folgenden zentralen Aufgaben-
stellungen:

1. Recherche, Analyse und Bewertung der nationalen und internationalen Fachliteratur zum C-
Kreislauf und zu den THG-Emissionen natiirlicher, erheblich veranderter und kiinstlicher
Binnengewasser.

2. Abschatzung des Minderungspotenzials von THG-Emissionen durch Renaturierungsmafi-
nahmen an Binnengewdassern (und deren Auen).

Wichtige Fragen sind in diesem Zusammenhang:

» Welche signifikanten anthropogenen Veridnderungen (z. B. Eutrophierung, Verlust von Uber-
schwemmungsgebieten durch den Ausbau von Flief3gewassern) fiihren zu welchen Verdnde-
rungen im C-Kreislauf und bei den THG-Emissionen?

» Welche Unterschiede gibt es in der THG-Bilanz von aufgestauten Fliissen im Vergleich zu
freifliefenden Fliissen?

» Wie konnen die THG-Emissionen quantifiziert werden? Wie plausibel sind die Emissionsfak-
toren/Standardwerte fiir CH4 geméafd dem 2019 Refinement to the 2006 IPCC Guidelines
(IPCC 2019) fir kalt-gemafdigte Klimazonen (wozu auch Deutschland zahlt)?

» Welche Mafdnahmen haben die grofdte Wirkung fiir den natiirlichen Klimaschutz?

Besondere Bedeutung kommt alldem zu, weil der aktuelle Nationale Inventarbericht (NIR) 2023
zum deutschen THG-Inventar (UBA 2023a) erstmals auch iiber Emissionen aus Gewdassern be-
richtet, allerdings nur aus fliefenden und stehenden kiinstlichen Gewassern. Zudem wurden nur
CHs-Emissionen in Anlehnung an die Standardmethode zur Abschatzung des nationalen Inven-
tars anthropogener Emissionen des 2019 Refinement to the 2006 IPCC Guidelines (IPCC 2019)
berechnet.

In der vorliegenden Studie werden zundchst die Grundprinzipien der natiirlichen und anthropo-
gen verstarkten THG-Entstehung und -Emission in Binnengewadssern beschrieben (Kapitel 3).
Anschlief}end werden die Ergebnisse der systematischen Literaturrecherche und -analyse als
zentraler Bestandteil dieser Studie dargestellt (Kapitel 4).
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Um moglichst aktuelle Methoden und Ergebnisse, die zur Ermittlung und Bewertung von THG-
Emissionen verwendet werden, zu analysieren, wurde der Zeitraum fiir die ausgewahlte Litera-
tur auf 2015 bis 2023 (Stichtag: 14.12.2023) begrenzt. Die durchgefiihrte Literaturrecherche
ergab 252 relevante Studien. Davon stammt der Grofiteil aus Europa. Alle Studien wurden nach
den folgenden Kategorien sortiert: Kontinent, Landschaft, Art des Treibhausgases, Belastungs-
typ, stehendes oder fliefendes Gewasser, Gewdsserart/-typ bzw. Typ des terrestrischen Areals,
Art der Studie, Studie mit Mafnahmenbezug (z. B. Renaturierung), nicht direkt THG-relevant
und sich mit anderen, relevanten Elementen befassend (Kohlenstoff, Stickstoff, Phosphor). Mit
Hilfe dieser Literaturanalyse konnten zahlreiche Studien mit hohem Informationsgehalt bzw.
mit spezifischen Ergebnissen zu wissenschaftlich begriindeten Zusammenhéngen identifiziert
und fiir die folgenden Kapitel verwendet werden.

Ein umfangreiches Kapitel widmet sich den Auswirkungen der anthropogenen Belastungen der
Binnengewasser auf den C-Kreislauf und die THG-Emissionen (Kapitel 5; Abbildung 1, identisch
mit Figure 11).

Abbildung 1: Schema zu Prozessen, die CO,, CH,; und N,O in erheblich veranderten oder kiinstli-
chen Gewassern beeinflussen, hier am Beispiel von durch Barrieren beeinflussten
Fliissen (identisch mit Figure 11)

Atmospharische
Deposition: Organische
und anorganische
Eintrage

Organische und -
anorganische Organische und
Eintrége anorganische Eintrige

Aufenthaltszeit Organisches Material

-

Quelle: Eigene Darstellung, biota — Institut fir 6kologische Forschung und Planung GmbH.

Die hier analysierten Arten von Belastungen entsprechen dem Berichtssystem der Bund-Lander-
Arbeitsgemeinschaft Wasser fiir die Umsetzung von WRRL und Meeresstrategie-Rahmenrichtli-
nie (MSRL) (LAWA 2022). Die fiir die THG-Emissionen relevanten Belastungsarten sind hiernach
(mit Unterkategorien):

» Stoffeintrage aus Punkt- und diffusen Quellen

e Eintrag von organischen Stoffen in die Gewdsser
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e Eintrag von anorganischen Stoffen in die Gewéasser und deren gewdasserinterne Umset-
zung in organische Stoffe

» Hydromorphologische Belastungen
e Damme, Wehre und Schleusen
e Stauseen (wegen ihrer grofen Bedeutung als eigene Kategorie)
e Hydrologische Verdanderungen
e Morphologische Verdnderungen
» Sonstige Belastungen

Hieran schliefst sich ein Kapitel an, das die grundsatzlichen Moglichkeiten zur Abschatzung/Bi-
lanzierung von THG-Emissionen behandelt (Kapitel 6). Eingegangen wird auf die Ansatze (1) re-
prasentative In situ-Messungen, (2) statistische Modellierung, (3) stochastische Modellierung,
(4) deterministische Modellierung sowie (5) die Mischform stochastisch-deterministischer Mo-
dellierung. Von grundlegender Bedeutung sind stets Messungen mit moglichst hoher Reprasen-
tativitat (rdumlich, zeitlich, belastungsabhingig, Gewassertyp, Eigenschaften des hydrologischen
Einzugsgebiets etc.).

Im Anschluss stehen mogliche Mafdnahmen zur Verringerung der THG-Emissionen von Binnen-
gewdssern im Fokus (Kapitel 7). Die Mehrzahl von Renaturierungsmafinahmen, die zu einer Ver-
besserung des dkologischen Zustands von Binnengewassern flihren, haben auch ein hohes Po-
tenzial zur Reduzierung von THG-Emissionen. Hier kdnnen umfangreiche Synergien genutzt
werden.

Die in der Studie behandelten Mafdnahmentypen wurden unmittelbar aus der Systematik der
Mafdnahmentypen fiir die WRRL-Berichterstattung der Bund-Linder-Arbeitsgemeinschaft Was-
ser (LAWA 2022) abgeleitet, aber grofitenteils zu Gruppen zusammengefasst. Fiir jede der fol-
genden Mafdnahmengruppen erfolgten Beschreibungen der Mafdnahmen und ihrer physikali-
schen und biogeochemischen Auswirkungen sowie Darstellungen zu den Vorteilen in Bezug auf
die Reduzierung von THG-Emissionen:

» Verringerung der organischen Verschmutzung und der anorganischen Nihrstoffbelastung
der Gewdsser

» Verbesserung der Langsdurchgangigkeit (aber nur Mafdnahmen, die darauf abzielen, die
hydrodynamische Barrierewirkung vollstiandig oder zumindest deutlich zu verringern)

» Renaturierung von Fliissen
» Wiederanbindung von Fliissen an Auen (C-Speicherung in Auen, insbesondere in Mooren)

» Verbesserung des Abflussregimes und/oder Wiederherstellung eines funktionsfahigen Was-
serhaushalts/hydrologischen Regimes

» Natiirliche Wasserriickhaltemaf3nahmen (in der Flussaue und im Einzugsgebiet)
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Zentrale Ergebnisse dieser Studie

>

Die Bedeutung der THG-Freisetzung (CO2, CHs, N20) aus Binnengewdssern ist derzeit nicht
ausreichend quantifizierbar, sollte aber als vergleichsweise hoch eingeschitzt werden. Dies
liegt in ihrer natiirlichen Funktion als Vorflut der Abfliisse von Landflachen begriindet, so-
dass grofie Mengen organischer und anorganischer Stoffe gebilindelt und biologisch prozes-
siert werden. Im globalen Maf3stab schiatzen Lauerwald et al. (2023b) den Beitrag von Bin-
nengewadssern an den CHs-Emissionen auf rund 20 %. Die Anteile von CO, und N0 sind bis-
her nicht bekannt.

Die Literaturanalyse zeigt, dass die stark erhohte THG-Freisetzung im Vergleich zu natiirli-
chen Referenzbedingungen anthropogenen Ursprungs ist. Je starker die anthropogene Belas-
tung und Verdnderung der Gewadsser ist, desto starker wird die THG-Produktion und -Frei-
setzung stimuliert.

Die Ursache erhohter THG-Freisetzung ist die Verschmutzung der Gewasser durch Eintrage
organischer und anorganischer Stoffe (vor allem Phosphor - P und Stickstoff - N). Letztere
erhohen die Primarproduktion (Algen und Wasserpflanzen in den Binnengewdassern) und
fiihren zu einer sekundaren organischen Belastung. Vor allem N-Eintrage fordern zudem
eine erhohte N,O-Freisetzung. Die anhaltende organische Verschmutzung der deutschen
Binnengewasser ist offensichtlich, was die Ergebnisse der nationalen Berichterstattung zur
Umsetzung der WRRL (Volker et al. 2022) belegen.

Ergebnisse der Literaturanalyse zeigen, dass die zunehmende Ndhrstoffbelastung im nachs-
ten Jahrhundert zu einem Anstieg der CHs-Emissionen aus Seen und Stauseen um 30 - 90 %
fithren kann (Beaulieu et al. 2019). In Bezug auf CO, CH4 und N0 ist ein globaler Anstieg der
Eutrophierung mit einem Anstieg des Treibhauseffekts um 5 - 40 % nicht unwahrscheinlich
(DelSontro et al. 2018). Beziiglich des globalen Temperaturanstiegs wird geschatzt, dass je-
der Temperaturanstieg um 1° C zu 6 - 20 % mehr CHs infolge der Eutrophierung von Binnen-
gewassern filhren konnte (Aben et al. 2017).

In natiirlichen und erheblich veranderten Gewassern und ihren Auen erh6hen anthropogene
Veranderungen (morphologisch, hydrologisch) die organische Verschmutzung, verringern
die Selbstreinigungsprozesse, verstarken die Eutrophierung und begiinstigen eine verstarkte
Anreicherung von organischem Material im Sediment bei gleichzeitigem Sauerstoffmangel.
Dies forciert eine Freisetzung von THG. In kiinstlichen Gewassern wirken sich die nicht na-
turgemafden hydromorphologischen bzw. hydraulischen Eigenschaften negativ auf die Frei-
setzung von THG, insbesondere CH4 und N0, aus.

Damme und Barrieren verursachen in grofem Umfang die Akkumulation von organischem
Material in den Riickstaubereichen und sind in Bezug auf die THG-Emissionen daher als be-
sonders negativ oder nachteilig einzustufen.

Ein Vergleich der THG-Emissionen von natiirlichen Seen und Stauseen zeigte 10-fach héhere
Emissionen aus Stauseen (Tranvik et al. 2009). THG-Emissionen aus Stauseen machen schat-
zungsweise 1 % der globalen anthropogenen Emissionen aus (Li et al. 2022), wobei der
grofdte Beitrag von CH4-Emissionen ausgeht (Deemer et al. 2016). N.O-Emissionen aus Stau-
seen konnen aber, bezogen auf CO,-Aquivalente, auch etwa 30 % der Klimawirksamkeit der
CHs-Emissionen erreichen (Descloux et al. 2017).

Die durch Wasserabsenkung beeintrachtigten Randbereiche erh6hen die globalen COz-Emis-
sionen von Stauseen um bis zu 53 % (Keller et al. 2021). Diese Erh6hung resultiert in einem

24



TEXTE Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation of their mitigation potential
by restoration measures — A review

Anstieg der globalen CO2-Emissionen von Binnengewéassern um 6 - 10 % (Marcé et al. 2019;
Keller et al. 2020).

» Wasserkraft ersetzt nicht-regenerative Energie und fithrt daher grundsatzlich zur Verringe-
rung von THG-Emissionen in der Stromproduktion. Ein Fallbeispiel auf der Basis von Mess-
werten (Lorke & Burgis 2018) zeigt jedoch, dass durch die THG-Emissionen infolge des Stau-
raumes oberhalb der Staustufe dieser Klimaschutzvorteil in hohem Mafie zunichte gemacht
wird (21 % der Emissionseinsparung nach CO-Aquivalenten durch die relevante Wasser-
kraftanlage werden hiernach bereits nur durch erh6hte CHs-Emissionen verloren). Der nega-
tive gewdsserokologische Einfluss von Staustufen ist zudem aus WRRL-Sicht evident.

» Die Analyse der Belastungsarten fiir anthropogen erhohte THG-Emissionen zeigt, dass diese
mit den Belastungsursachen im Bereich des Gewasserschutzes praktisch identisch sind. Da-
mit eroffnet sich aber auch die Moglichkeit, Gewéasser- und Klimaschutz beziiglich der Maf3-
nahmen synergistisch zu betrachten. Gewasserschutzmafinahmen sind daher auch regelma-
3ig wirksame Klimaschutzmafdnahmen.

» Das tatsachliche Ausmaf3 der THG-Freisetzung aus deutschen Binnengewassern wird durch
das nationale Treibhausgasinventar (UBA 2023a) aktuell deutlich unterschatzt, da nur CHs-
Emissionen und diese lediglich aus kiinstlichen Gewdassern berticksichtigt wurden.

» Die bei UBA (2023a) verwendeten Emissionsfaktoren fiir die alleinige CHs-Freisetzung aus
Gewassern auf mineralischen Boden und einem Alter von > 20 Jahren stellen zudem nur glo-
bale Mittelwerte dar und sind mit grofsen Unsicherheiten behaftet (IPCC 2019). Daher ist die
aktuelle Abschitzung der deutschen CHs-Freisetzungsbilanzen fiir stehende und fliefRende
kiinstliche Gewasser zusatzlich als unsicher zu betrachten.

» Auch die technische Empfehlung des IPCC (2019), THG-Emissionen aus natiirlichen Gewas-
sern (einschliefdlich auch erheblich veranderter Gewdasser) in den nationalen THG-Inventa-
ren fiir die internationale Berichterstattung nicht zu beriicksichtigen, sollte kritisch hinter-
fragt werden. Derzeit werden nur kiinstliche Gewdsser beriicksichtigt, die nur 14 % aller
deutschen Binnengewadsser (bezogen auf die Gewasserflache) umfassen (UBA 2023a). Mehr
als 90 % aller natiirlichen deutschen Gewdsser erreichen jedoch nicht den von der WRRL ge-
forderten "guten 6kologischen Zustand" (Volker et al. 2022), was auf erhebliche anthropo-
gene Veranderungen und ein hohes Potenzial fiir derzeit nicht berticksichtigte THG-Emissio-
nen hinweist.

» Insgesamtist die Freisetzung von THG aus deutschen Binnengewéssern weitgehend unbe-
kannt. Dies unterstreicht die Dringlichkeit, den Kenntnisstand und die Datenbasis zu verbes-
sern, um Mafdnahmen der unterschiedlichen rechtlichen Instrumente zu Gewasser- und Na-
turschutz und deren Synergien zu den Klimaschutzzielen zu identifizieren. So setzt das aktu-
elle "Aktionsprogramm Natlirlicher Klimaschutz" der Bundesregierung (BMUV 2023b) an
der Schnittstelle zwischen Natur- und Klimaschutz an, da natiirliche und naturnahe Okosys-
teme nicht nur fiir die biologische Vielfalt von grundlegender Bedeutung sind, sondern auch
eine Schliisselrolle fiir den Klimaschutz spielen.

» Zur Abschatzung der Wirksamkeit der Mafdnahmengruppen im Hinblick auf die Verringe-
rung der Freisetzung von THG aus Binnengewdassern erfolgte eine 3-stufige Bewertung, diffe-
renziert fiir CO2, CH4 und N0 (Tabelle 1, identisch mit Table 5).
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Tabelle 1:

nengewassern (identisch mit Table 5)

Effektivitat der MaBnahmentypen zur Reduzierung von THG-Emissionen aus Bin-

3-stufige Abschatzung basierend auf der Meta-Analyse (gering, moderat, hoch)

MaRnahmentyp

Verringerung der organischen Verschmut-

Effektivitat zur
Reduktion von
CO2-Emissionen

hoch

Effektivitat zur
Reduktion von
CHs-Emissionen

hoch

Effektivitat zur
Reduktion von
N2O-Emissionen

hoch

zung und der anorganischen Nahrstoffbelas-
tung der Gewasser

Verbesserung der Langsdurchgangigkeit (aber hoch hoch
nur MalRnahmen, die darauf abzielen, die
hydrodynamische Barrierewirkung vollstandig

oder zumindest deutlich zu verringern)

gering

Renaturierung von Flissen moderat - hoch moderat - hoch moderat

Wiederanbindung von Fliissen an Auen (C- moderat - hoch moderat - hoch moderat
Speicherung in Auen, insbesondere in Moo-

ren)

Verbesserung des Abflussregimes und/oder moderat - hoch
Wiederherstellung eines funktionsfahigen

Wasserhaushalts/hydrologischen Regimes

gering gering - moderat

Natirliche WasserrickhaltemaBnahmen moderat - hoch moderat - hoch moderat - hoch

Offene Forschungsfragen

Aus der vorliegenden Studie resultieren zwei zentrale Forschungsthemen:

1.

Verbesserung der Datenlage zu THG-Emissionen aus Binnengewdssern als wesentlicher Be-
standteil der Analyse, Bilanzierung und Bewertung der anthropogenen THG-Belastung als
Treiber des Klimawandels.

Beriicksichtigung und Verkniipfung der THG-Emissionen von Binnengewéassern mit den Zie-
len und MafRnahmen des Gewasser- und Auenschutzes (Wasserwirtschaft und Naturschutz).

Folgende differenzierte Forschungsaufgaben erwachsen daraus aus der nationalen Perspektive:

» Esist notwendig, ausreichende In-situ-Daten zur THG-Freisetzung von Binnengewassern in

Deutschland mit folgenden Maf3stdben zu erhalten: (1) rdumliche und zeitliche Représentati-
vitat, wie z. B. die Abdeckung vollstandiger Jahreszyklen tiber mehrere Jahre, (2) Beriicksich-
tigung der Vielfalt der Gewassertypen und der wichtigsten Parameter, welche die THG-Frei-
setzung beeinflussen (Morphometrie, Hydrologie usw.) und (3) Abdeckung der verschiede-
nen trophischen Situationen.

In Deutschland besteht grofer Handlungsbedarf fiir die Entwicklung (1) einer geeigneten,
reprasentativen und standardisierten Messstrategie fiir die Freisetzung von THG (CH4, N2O
und COz) aus den Binnengewassern und (2) geeigneter Transferfunktionen (Schatzfunktio-
nen) fiir die Bilanzierung (in Form von Emissionsfaktoren, vgl. auch Lauerwald et al. 20233,
b) auf der Grundlage fundierter statistischer Ansatze.

Bei der Ubertragung von THG aus Gewissern in die Atmosphére miissen vier Ubertragungs-
wege angemessen berticksichtigt werden: (1) Freisetzung durch aufsteigende Gasblasen, (2)
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diffusiver Gasaustausch an der Wasseroberflache, (3) Entgasung stromabwarts und (4)
Emission iiber emerse Makrophyten. Die Entgasung beispielsweise wurde in der Vergangen-
heit stark unterschéatzt und es erscheint wahrscheinlich, dass dieser Weg fiir die hochste
CHs-Freisetzung aus Stauseen verantwortlich sein konnte (Harrison et al. 2021).

» Kurz- bis mittelfristig sind zuverlassige (statistische) Transferfunktionen (Schatzfunktionen)
als Grundlage fiir fundierte Abschatzungen erforderlich (Emissionsfaktoren fiir die entspre-
chenden Gewadssertypen in Bezug auf die wichtigsten Parameter/Merkmale und die organi-
schen und anorganischen Frachten). Mittel-/langfristig kann die Ableitung von deterministi-
schen und/oder gemischt stochastisch-deterministischen Modellen zur Verbesserung der
Transferansatze beitragen.

» Im deutschen Treibhausgasinventar (UBA 2023a) fehlen derzeit Daten zu: a) CO,-Freiset-
zung aus allen Kategorien von Binnengewdssern, b) N,O-Freisetzung aus allen Kategorien
von Binnengewassern, c) CHs-Freisetzung aus stehenden und flieflenden Gewéassern natiirli-
chen Ursprungs (einschlief3lich nattirlicher und erheblich verdnderter Wasserkorper gemaf3
WRRL), d) CHs-Freisetzung aus stehenden und fliefenden kiinstlichen Gewdassern, die vor
weniger als 20 Jahren angelegt wurden. Hier besteht demnach erheblicher Erganzungsbe-
darf.

» Derin UBA (2023a) verwendete Ansatz zur Ermittlung durchschnittlicher Emissionsfakto-
ren in Abhadngigkeit vom trophischen Zustand der Gewasser ist demgegentiber angemessen
(Reduktion/andere Skalierung der Standardwerte nach IPCC 2019), ebenso die dafiir ver-
wendete Datengrundlage (basierend auf Hoehn et al. 2009). Insgesamt ist sie jedoch sehr
wahrscheinlich nicht reprasentativ fiir die Vielfalt der Gewassertypen und deren individuelle
trophische Situation, insbesondere bei kleinen Gewassern. Hier sollten methodische Erwei-
terungen vorgenommen worden, die auch die notwendige Datengewinnung umfassen.

» Natiirlicher Klimaschutz ("Aktionsprogramm Natiirlicher Klimaschutz", BMUV 2023a) an
Binnengewassern und ihren Auen basiert im Wesentlichen auf Mafdnahmen des Gewasser-
schutzes. Naturnahe Gewasserschutzlosungen (Albert et al. 20223, b) sind iiberwiegend auch
Klimaschutz- bzw. Klimaanpassungsmafnahmen. So kénnen z. B. Pufferzonen in Feuchtge-
bieten schatzungsweise 43 % der gesamten Stickstoff- und 21 % der gesamten Phosphorbe-
lastung zuriickhalten (Walton et al. 2020), was zu kleineren Nahrstoffpools und einer gerin-
geren THG-Produktion fithren wiirde. Die entsprechenden Synergien sollten nachgewiesen
und bewertet werden, auch im Hinblick auf die Erfiillung mehrerer Ziele und die kosteneffi-
ziente Umsetzung (siehe z. B. Mehl et al. 2023a). Dies sollte auch fiir Mafinahmen im Rahmen
des Bundesprogramms "Blaues Band Deutschland" (BMVI/BMU 2020) gelten.

» Die grofde Bedeutung der THG-Freisetzung aus Gewassern und Auen sollte auch bei der Be-
wertung von Okosystemleistungen beriicksichtigt (Scholz et al. 2012; Mehl et al. 2013, 2020;
Podschun et al. 2018a; Mehl 2021; Von Keitz et al. 2022) und bestehende Methoden mit zu-
nehmendem Wissen iliber die wissenschaftlichen Grundlagen sollten kontinuierlich weiter-
entwickelt werden (Podschun et al. 2018b; Gerner et al. 2023).

» Umgesetzte Mafnahmen in Ubereinstimmung mit den MafRnahmentypen der WRRL/LAWA
(2022) sollten auf ihre Wirksamkeit zur Verringerung der THG-Freisetzung hin untersucht
werden. Dazu ist es auch ratsam, die Wechselwirkungen von THG-Freisetzung/Bindung in
Gewadssern und Auen (insbesondere in Mooren) zu untersuchen.
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1 Introduction and aims of this review

1.1 Climate change and the role of greenhouse gases (GHGS)

Global and regional climate development is currently strongly characterised by the conse-
quences of the global increase in greenhouse gases (GHGs), commonly referred to as "global cli-
mate change". The Intergovernmental Panel on Climate Change (IPCC), as an institution of the
United Nations, regularly provides scientific reports on the current status of climatic issues.

The current Synthesis Report of the IPCC's Sixth Assessment Report (AR6; IPCC 2023) summa-
rises the state of knowledge on climate change, its widespread impacts and risks, and on mitiga-
tion and adaptation to climate change based on peer-reviewed scientific, technical and socio-
economic literature since the publication of the IPCC's Fifth Assessment Report (AR5) in 2014.
This Synthesis report (IPCC 2023) shows that the global surface temperature between 2011-
2020 was around 1.1°C (1.09 [0.95 to 1.20] °C) above the average of the period between 1850-
1900, with larger increases over land (1.59 [1.34 to 1.83] °C) than over the ocean (0.88 [0.68 to
1.01] °C).

The observed warming is clearly induced due to anthropogenic activities and driven by the in-
creasing release and atmospheric accumulation of GHGs since 1750, primarily carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N20). Other gases that contribute to warming are tropo-
spheric ozone (03) and halogenated gases in particular. Human-induced climate change is the
result of more than a century of net GHG emissions from the use of fossil fuels (coal, oil, natural
gas), land use and land-use change, some of which contribute significantly to GHG emissions (e.g.
peatland drainage), unsustainable lifestyles, energy-intensive consumption patterns and indus-
trial production processes (see also European Environment Agency 2020, 2023). IPCC (2023)
states that atmospheric concentrations of the abovementioned GHGs increased to the following
concentrations in 2019: CO; reached 410 million parts per million (ppm), CHs reached 1,866
parts per billion (ppb) and N»O reached 332 ppb. Compared to pre-industrial levels, CO; in-
creased by 43 %, CHs by 150 % and N20 by 20 % (UBA 2023a). At the international reference
station, Mount Mauna Loa (Hawaii), the following values were recently achieved, illustrating the
steady increase in GHG concentrations: CO; reached 428 million parts per million (ppm) (in
April 2024), CH4 reached 1,932 parts per billion (ppb) and N20 reached 337 ppb (both in Decem-
ber 2023) (Global Monitoring Laboratory 2024).

In Germany, CO; originates mainly from the combustion of fossil fuels and accounted for 89.3 %
of total GHG emissions. CH4 is produced mainly by livestock breeding and landfills, accounting
for 6 % of GHG emissions. Lastly, N.O emerges from agriculture, industry and the combustion of
fossil fuels and contributes 3.3 % to the total GHG emissions of Germany (UBA 2023a).

Due to different physical characteristics, GHGs contribute differently to the GHG effect of the
Earth, and thus, each gas has its own so-called "Global Warming Potential" (GWP) (IPCC 2021).
The standardised reference value is the climate impact of CO; (GWP of CO; = 1), meaning that
the GWPs of other gases are measured relative to CO,. The GWP value (as CO; equivalent
[CO2eq]) therefore indicates the standardised global warming potential of a substance. With the
GWP, the time horizon (e.g. 20, 100 or 500 years) is decisive for comparable statements. It is of-
ten based on 100 years, given as GWP1g0. According to this, CHs has a GWP1go of 27, fossil CH4 has
a GWP10 of 30 and N20 has a GWP1q of 273 (IPCC 2021), which emphasises the high signifi-
cance of these GHGs in terms of climate change. For an overview of general characteristics of the
most important GHGs, see Table 2.
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Table 2: Overview of general characteristics of the GHGs CO,, CH; and N,0
Category CO: CHa N20
Atmospheric lifetime (years)? - 9.1+0.9 1169
Current atmospheric concentration? 410 ppm 1866 ppb 332 ppb
Global warming potential (as CO2eq, on a 100-year time scale)! 1 27 (30 by 273
fossil)

1|pCC (2021), 2 UBA (2023a)

According to IPCC (2021), an increase in meteorological and thus hydrological extremes was ob-
served in the past and can be assumed for the future as a result of climate change:

» Itis virtually certain that heat extremes (including heat waves) have become more frequent
and more intense in most regions on land since the 1950s, while cold extremes (including
cold waves) have become less frequent and less severe.

» The frequency and intensity of heavy precipitation events have increased over most land ar-
eas since the 1950s. In this respect, the observation data is sufficient for a trend analysis and
trend estimation (high confidence). Climate change has contributed to an increase in
droughts in landscapes and agriculture in some regions, which is due to increased evapo-
transpiration from land systems (medium confidence).

» With each additional increase in global warming, an increase in meteorological extremes be-
comes more likely. For example, each additional 0.5 °C of global warming leads to clearly
recognisable increases in the intensity and frequency of heat extremes, including heat waves
(very likely), and heavy precipitation (high confidence), as well as agricultural and environ-
mental droughts in some regions (high confidence).

» Recognisable changes in the intensity and frequency of meteorological droughts are seen in
some regions for each additional 0.5 °C of global warming (medium confidence), with more
regions showing increases than decreases.

» Some extreme events that have never been recorded in observational data will occur more
frequently with additional global warming, even with global warming of only 1.5 °C. Accord-
ing to the projections, the percentage changes in frequency are higher for rare events (high
confidence).

Observed and expected impacts and associated loss of and damage to ecosystems due to climate
change include changes in the structure of all types of ecosystems, shifts in species' ranges and
changes in seasonality (phenology). In human society, climate change affects water availability
and food production, health and well-being, as well as cities, settlements and infrastructure, e.g.
by inland flooding and associated damage, and damage to infrastructure and key economic sec-
tors (IPCC 2023).

All of this is also evident in Germany. The mean annual air temperature in Germany rose by

1.7 °C between 1881 and 2022 with statistical certainty (areal average, linear regression). This
value is 0.6 °C higher than the global mean temperature rise during the same period. This is con-
firmed by the updated 2023 monitoring report on the "German Strategy for Adaptation to Cli-
mate Change" (UBA 2023b). It also shows that Germany has repeatedly been confronted with
exceptional heatwaves, droughts, flash floods and floods in the recent past. The frequency and
extent of extreme weather events has increased. These consequences of global warming are
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reflected even more clearly in the data used for the 2023 monitoring report compared to 2019.
Air, water and soil temperatures have continued to rise recently, which has increased the impact
on the environment, humans, infrastructure and economy.

1.2 Inland waters as sources of GHGs

In this review, inland waters constitute of natural water bodies such as lakes, rivers, streams, es-
tuaries, as well as artificial water bodies such as canals, reservoirs, ponds and ditches. Thus,
both lotic (running) and lentic (standing) types of inland water bodies are included.

Despite being unaffected by anthropogenic pressures, natural water bodies are naturally emit-
ting especially CO», but also CH4 and N»0O. However, these natural background emissions are not
yet assessed or considered, neither in national inventories of Germany, nor in the IPCC assess-
ment reports.

In particular, artificial and heavily modified water bodies, as defined by the WFD, represent a
significant source of GHG emissions that has not yet been fully assessed in Germany. Generally,
inland waters are severely affected by climate change, which means that climate adaptation
measures are required.

Especially due to pollution by anthropogenic organic and inorganic matter, highly enhanced bio-
logical processes of the carbon (C) and nitrogen (N) cycling of water catchment areas, surface
and ground waters play a major role. Inland waters play a very important role in the global car-
bon cycle (Tranvik et al. 2018, Vachon et al. 2020).

According to Rosentreter et al (2021), half of global methane emissions come from highly varia-
ble sources in aquatic ecosystems (including coastal and marine waters). Numerous interna-
tional studies (e.g. Deemer et al. 2016; Prairie et al. 2018; DelSontro et al. 2018), show that artifi-
cial and dammed lakes (reservoirs) are sources of very high GHG emissions, especially CHs. Cur-
rent estimates assume that the world's reservoirs release around 800 Tg (0.8 billion t) of CO-
equivalents (COzeq) into the atmosphere every year (Deemer et al. 2016). The global release of
GHGs in 2020 amounted to 46.12 billion t of CO,eq (Statista 2023). According to this, reservoirs
alone would account for approximately 2 % of the global GHG release.

In recent studies, an international team of scientists has re-evaluated GHG emissions from rivers,
streams, lakes and reservoirs and re-estimated them on a global scale (but conservatively, i.e. no
water bodies or wetlands under 10 ha, no ephemeral waters). In these studies by Lauerwald et
al. (20234, b), the following global orders of magnitude were estimated for the annual GHG re-
lease from inland waters: 5.5 petagrams (5.5 billion t) of CO2, 82-135 teragrams (82-135 million
t) of CHa, a third of which comes from North American and Russian lakes, and 248-590 gi-
gagrams (248,000-590,000 t) of N0, a quarter of which comes from North American inland wa-
ters.

Saunois et al. (2020) determined the global annual CHs release at 576 Tg as the mean value for
the decade 2008 to 2017. Lauerwald et al. (2023b) suggest that inland waters could account for
around 20 % of total global CH4 emissions. At the same time, the authors consider the contribu-
tions of inland waters to the global CO; and N,O budget to be relatively small. The latter state-
ment should initially be viewed critically against the background of fewer (and also non-repre-
sentative) measurements (even for CHa), see below. According to Schodel (2024), N20 in particu-
lar should not be underestimated. The uncertainties in the data area are too high and prioritising
CO2 and CH4 in terms of climate policy does not do justice to the situation. Particularly dammed
rivers are potentially major sources of GHGs (Maeck et al. 2013), as Lorke & Burgis (2018), for
example, have demonstrated by measurements in dammed sections of the rivers Danube and
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Main. Large organic or peatland-dominated floodplains in Germany have also already been ana-
lysed with regard to their natural ecosystem service "GHG sequestration or release" as a func-
tion of the floodplain or peatland condition, and their restoration potential has been identified
(Scholz et al. 2012; Mehl et al. 2013). Besides inland waters, also coastal peatland-dominated
floodplains have received attention with regard to their GHG dynamics and the potential risk of
nutrient release after rewetting (Breznikar 2023; Ponisch & Breznikar et al. 2023).

In the German National Inventory Report (NIR; UBA 2023a), emissions from (water) reservoirs,
dredging and open-cast mining lakes, ponds and artificial freshwater basins of all kinds were
subsumed as “artificial lakes”. In the case of flowing artificial bodies of water, mainly canals and
drainage ditches for water management and harbour basins on inland waterways were included
to estimate their emissions. The CHs emissions of both water categories (flowing and standing
artificial waters) were calculated using the default method of the 2019 Refinement to the 2006
[PCC Guidelines (IPCC 2019).

There is currently a lack of basic data and knowledge for determining or at least establishing a
well-founded estimate of GHG emissions from German inland waters. The following, already
known gaps and uncertainties should be mentioned here in particular:

1. So far, only a small number of artificial water bodies (or types of water bodies) has been as-
sessed on the basis of the IPCC approaches within the framework of the NIR (UBA 2023a),
which means that the real GHG emissions of German inland waters are probably massively
underestimated. This is because the 2019 Refinement to the 2006 IPCC Guidelines (IPCC
2019) is orientated towards artificial water bodies (according to the WFD's understanding of
the term) and therefore excludes natural and heavily modified water bodies.

2. Itis also questionable whether the IPCC approaches are sufficiently valid and representative
for Central European and German waters in cool temperate climates. In Germany in particu-
lar, there is a lack of standardised and sufficiently representative measurement data depend-
ing on water body type, size, hydrological and biogeochemical conditions and anthropogenic
pressures. Factors such as land use and land cover have a major influence on pollution (Pa-
nique-Casso et al. 2024; Schodel 2024).

1.3 Potential mitigation measures

As the main drivers of anthropogenically-increased GHG emissions from inland waters fall
within the scope of water protection, there are interdependencies and numerous potential syn-
ergies of mitigation measures. Article 4 (1) of the WFD stipulates that, in principle, "good status”
must be achieved for all surface water bodies, i.e. good ecological quality and good chemical sta-
tus. For all water bodies that do not achieve good status, there is a fundamental obligation to
take appropriate measures to ensure that this objective will be achieved.

According to the WFD, the following main pollution categories have a very high importance for
German surface water bodies, which also have a strong influence in connection with GHG emis-
sions (data according to Volker et al. 2022):

» 98 % of water bodies are polluted by substance inputs from diffuse sources,

» 86 % of water bodies are affected by flow regulation and morphological changes and

» 32 % of water bodies are polluted by substance inputs from point sources.

Together with the implementation of the WFD, the proposal for a Regulation of the European

Parliament and of the Council on nature restoration (“Nature Restoration Law”, European
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Commission 2022a) is also of great importance. Annex VII of the regulation provides a range of
possible restoration measures for water bodies and floodplains, including:

» Restore wetlands, by rewetting drained peatlands, removing peatland drainage structures or
de-poldering and terminating peat excavation.

» Improve hydrological conditions by increasing quantity, quality and dynamics of surface wa-
ters and groundwater levels for natural and semi-natural ecosystems.

» Re-establish the meandering of rivers and reconnect artificially cut meanders or oxbow
lakes.

» Remove longitudinal and lateral barriers (such as dikes and dams), give more space to river
dynamics and restore free-flowing river stretches.

» Re-naturalise river beds, lakes and lowland watercourses by e.g. removing artificial bed fixa-
tion, optimising substrate composition, improving or developing habitat cover.

» Restore natural sedimentation processes.

» Stop, reduce or remediate pollution from nutrients, pharmaceuticals, hazardous chemicals,
urban and industrial wastewater, and other waste including litter and plastics as well as light
in all ecosystems.

1.4 Relevant political frameworks

In Germany, both the WFD and the Nature Restoration Law are supported by the National Water
Strategy (BMUV 2023a), which aims to ensure the sustainable use of water resources by 2050
and beyond. A key part of this strategy is to preserve the natural water balance and to support
the ecological development of water bodies towards good status. In parallel, efforts have also
been made for many years to improve the condition of floodplains (Brunotte et al. 2009; Ehlert
et al. 2018; Koenzen et al. 2021) as well as of federal waterways by developing the federal pro-
gramme "Blaues Band Deutschland" (BMVI/BMU 2020), which also aims to restore ecologically
functional river landscapes and a corresponding biotope network of national importance.

In addition, the federal government's current "Natural Climate Protection Action Programme"
(BMUV 2023b) addresses the interface between nature conservation and climate protection.
Natural and near-natural ecosystems are not only fundamental for biodiversity, but also play a
key role in climate protection. In particular, the promotion of the restoration of peatlands, water
bodies, floodplains and forests should therefore not only create habitats for plants and animals,
but also make a substantial contribution to GHG sequestration in the sense of "ecosystem- or na-
ture-based solutions" (Wiistemann et al. 2015, 2017).

This view corresponds to the European and national legal basis for climate protection: the Euro-
pean Climate Law and the Federal Climate Protection Act (KSG). According to preliminary para-
graph 23 of the European Climate Law, the restoration of ecosystems can help to conserve, man-
age and enhance natural sinks, promote biodiversity and at the same time combat climate
change. Scientific expertise and the best available up-to-date knowledge are essential, as is evi-
dence-based and transparent information on climate change, to form the basis for the Union's
climate action and its efforts to achieve climate neutrality by 2050 (preliminary paragraph 24 of
the European Climate Law). An improvement in the state of knowledge on GHG emissions from
inland waters and their relevant driving factors is therefore necessary from an environmental
law and technical perspective.
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In this review, floodplains, which are strongly intertwined with inland waters in terms of hydrol-
ogy and ecosystem function, are only considered due to their partially very high significance on
the production of GHGs (especially peatlands accompanying water bodies). Thus, hydromorpho-
logical or hydrological effects due to watercourse development and other changes and also as a
result of renaturation measures are shown. Consequently, no explicit consideration is given to
methods for quantifying GHG emissions from peatlands or organic floodplains. Reference is
made here to the specialist literature, e.g. Couwenberg et al. (2011); Mehl et al. (2012); Emmer &
Couwenberg (2017); Tiemeyer et al. (2020); UBA (2023a). Nevertheless, it is important to em-
phasise that the close geo- and bioecological connection between waters (rivers, lakes) and their
floodplains or hydrologically interlinked peatlands should always be sufficiently guaranteed,
both in research and through practical measures.

1.5 Aims and questions of this review
The aims of this review consist in particular of the following two aspects:

1. Analysing national and international peer-reviewed literature on the C cycle and GHG emis-
sions from natural, heavily modified and artificial inland surface waters.

2. Estimation of the mitigation potential of GHG emissions as a result of restoration measures
in inland waters (and their floodplains).

The resulting questions to be addressed by this review are primarily:

» Which significant anthropogenic pressures (e.g. eutrophication, loss of floodplains due to wa-
tercourse development) lead to which changes in the C cycle and in GHG emissions?

» What are the differences in the GHG balance of dammed rivers compared to non-dammed riv-
ers?

» How can GHG emissions be quantified? How plausible are the emission factors/default values
for CH4 according to the 2019 Refinement to the 2006 IPCC Guidelines (IPCC 2019) for cold
temperate climates?

» Which measures have the greatest impact for natural climate protection concerning surface
water GHG emissions?
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2 Methodological approach

2.1 Meta-analysis

Firstly, a list of relevant key words for all addressed questions was elaborated (Table 3). Sec-
ondly, a variety of online resources was selected to be used for the key word research, including
search engines, webpages of journals, institutes, and agencies of mostly European countries. Sev-
eral national and international databases were included to cover a wide range of existing
knowledge (Table 4). During this process, not only the key words by themselves, but also appro-
priate combinations were used. Thirdly, the results of the research were checked for their rele-
vance to this review. If a potential relevance was confirmed, the study was downloaded to be in-
cluded into the database. Fourthly, all downloaded files were then categorised by using the pro-
fessional reference management program “Citavi 6”, version 6.17. Within Citavi, several catego-
ries and subcategories were created to assign the references to, in order to ensure a systematic
review. The assigned categories and results of the meta-analysis are presented in Chapter 4.

The meta-analysis mainly focused on references from 2015 to December 2023 (cut-off date:
14.12.2023). A few more relevant studies were found or gained access to after this date, which
were not included into the meta-analysis but were still considered for general descriptions.

If publications with a more general knowledge were found that suited to the research questions,
these references were included as well.
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Table 3: Overview of key words used for the meta-analysis (in alphabetical order)

Term Abbreviation, if applicable
artificial/natural
budgeting
carbon dioxide CO:
dam (artificial), reservoir, barrage
damming

degassing

eutrophication

flux

greenhouse gas emission GHG emission
hydromorphological measure
impounded waters

inland waters

lake

lake type

methane CHa
nitrous oxide N20

organic load/pollution

pond

renaturation/restoration

river type

river/fluvial

saprobity

stream/creek

temperate climate/zone/region
trophic level/state

water body

weir
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Table 4: Overview of national and international resources used for the meta-analysis
Category Resource
Journals Search engines Institutes Agencies
National (for Ger- | Hydrologie & Wasser- | - University Ko- Federal environ-

many)

bewirtschaftung Was-

blenz-Landau

mental agencies

Leibniz-Institute
for Freshwater
Ecology and In-
land Fisheries
Helmholtz Centre
Hereon Geest-
hacht

Helmholtz Centre
for Environmental
Research Magde-
burg

serwirtschaft
Korrespondenz Was-
serwirtschaft (KW)

International (no specific journals

were searched in)

Google Scholar
ScienceDirect
ResearchGate

European Envi-
ronment Agency
(EEA)

National Environ-
ment Agencies of
European coun-
tries

2.2 Answering the research questions

Answers to the central research questions are based in particular on the results of the meta-
analysis. The impacts of anthropogenic pressures on the C cycle and GHG emissions are there-
fore systematically dealt with in Chapter 5, whereby the technical reference to WFD implemen-
tation is established.

Chapter 6 focuses on the basic possibilities of quantification options of GHG emissions and their
application status in the light of international studies. Chapter 7 deals with potential mitigation
measures to reduce GHG emissions of inland waters. The potential can only be estimated quali-
tatively, as there is a lack of data and a proper methodology has yet to be developed. Chapter 8
concludes with the resulting open research questions.
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3 Basic principles of the natural GHG production and emis-
sion in inland waters

3.1 Carbon dioxide (CO,)

Carbon dioxide (CO2) occurs in water predominantly in dissolved form and as carbonic acid in
equilibrium with hydrogen carbonates and carbonates. The physical process of absorption of at-
mospheric CO; by bodies of water and also its release (e.g. due to a temporary increase in water
temperature and thus lower solubility) are globally occurring, natural processes and are there-
fore in principle of secondary importance in relation to the global, climate-damaging release of
GHGs. Lakes, streams and rivers are primarily natural sources of CO; (Figure 2). However, the
release of CO2 as an end product of biological, oxidative degradation processes in water bodies is
of crucial importance.

Both the input of easily degradable organic matter into the water body (high significance of
wastewater pollution) and the primary production within the water body are decisive for the
biogenic formation of CO; in waters. The organic load in many trophically dominated waters is
therefore strongly dependent on the input of inorganic dissolved nutrients, especially phospho-
rus (P) and N compounds. Saprobicity is a measure of the organic matter content in the water
that can be easily degraded under oxygen consumption (Caspers & Karbe 1967).

Figure 2: Scheme of CO,, CH4 and N;O cycling in natural inland waters

Atmospheric deposition:
inorganic and organic
nutrients

- . Nutrient retention
Organic nutrients in riparian zones

Nitrification & denitrification

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

In natural, unpolluted waters, organic substances are a natural part of the food web. In anthro-
pogenically influenced waters, biological self-purification is of great importance, leading to a re-
duction of saprobicity. Self-purification refers to the overall process in a watercourse that leads
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to a reduction in organic pollution. The following sub-processes can be distinguished (Uhlmann
1988):

1. dilution and/or equalisation

2. chemical and physicochemical mechanisms (flocculation, precipitation, neutralisation, ab-
sorption, etc.)

3. biochemical degradation or incorporation of relevant substances into biomass

The term "biological self-purification” is used for the process under 3., where bacteria and also
growing algae have by far the largest share on the turnover of organic matter. This process takes
place both on the surface of biologically active substrates ("biofilm"), as well as in the hyporheic
zone, i.e. the space below the surface sediments of the river beds, which can sometimes continue
beyond the bank and into which the river water infiltrates (Schwoerbel 1964, 1967; Romberg
1976; Schonborn 1992). The most important factors influencing biological self-purification ac-
cording to Uhlmann (1988) and Schonborn (1992) are:

a) concentration of active biomass in the water

b) geometry of the river bed (especially with regard to the surface area of biologically ac-
tive substrates)

c) flow velocity and turbulence (decisive for equalisation/dispersion of different in-situ
concentrations and gas exchange at the water-air interface)

d) concentration of organic (but also inorganic) nutrients
e) temperature (water and air)

f) light intensity

g) oxygen supply

It is precisely the presence or absence of oxygen in soils and waters that determines the biogeo-
chemical processes in which gases are formed. Biological self-purification in water bodies is an
important process that controls greenhouse gas emissions.

The formation of CO; (which takes place in the presence of sufficient oxygen) is probably more
serious in terms of its overall climate impact than the formation of CHs4 or N0, both of which are
mainly formed under anaerobic conditions in the sediment. However, the two gases CHs or N20
are specifically much more harmful to the climate (see below), which should be taken into ac-
count accordingly when setting priorities or implementing measures.

3.2 Methane (CHa)

In contrast to COz, CH4 is produced at the opposite end of the C cycle. CH4 producing microbes
are called “methanogens” which are dependent on organic C as substrate. Methanogenesis, as
the degradation of organic C which results in the production of CHa, is performed mostly by ar-
chaea, but also by cyanobacteria (Bizic et al. 2020), usually under the absence of oxygen. Sedi-
ments, in which the oxygen concentration drops within the first few mm to cm, become anoxic
with increasing depth and thus, display hotspots for the production of CHs. However, the for-
mation of CHs was also found to take place in the oxic water column, when methanogens are at-
tached to photoautotrophs who can provide anoxic microniches and appropriate substrates
(Grossartetal. 2011).

As for COg, the air and water temperature were found to be highly important for methanogenesis
to take place (e.g. Sanches et al. 2019; Rocher-Ros et al. 2023), resulting in highest global CH4
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concentrations and emissions near the equator. Other studies, however, did not find a significant
correlation between CH4 and latitude (Deemer et al. 2016; D’Ambrosio & Harrison 2021).

In inland waters, the input of external (allochthonous) organic matter from proportionally large
catchment areas, as compared to their surface area, fuels the aquatic production of both CO; and
CH4. Besides this input, also stocks of internal (autochthonous) organic matter play a major role
e.g. in wetlands and lakes. Estimations of global CH4 emissions from freshwater systems identi-
fied wetlands (contributing up to 55 % to total global CH4 emissions; Rosentreter et al. 2021)
and lakes (Sanches et al. 2019) as the most relevant ecosystems of natural CH4 production.

Besides the input of organic matter, the influence of (external) nutrients is also of great im-
portance. Nutrients directly affect the production of organic matter by primary production, thus
increasing the chlorophyll-a concentration as a proxy of productivity. After the decay of a phyto-
plankton bloom, its biomass sinks down and is used as substrate for natural remineralisation
processes such as methanogenesis. This linkage between chlorophyll-a and CHs was confirmed
by several studies (e.g. DelSontro et al. 2018; Beaulieu et al. 2019).

The emission of CHs is naturally conducted via three main pathways: diffusion, ebullition and
plant-mediated transport (Figure 3). A fourth pathway is degassing, which is mainly attributed
to dams and reservoirs. Thus, it can be defined as “anthropogenic” (Figure 11) and will be de-
scribed in Chapter 5.3.2.

Figure 3: Scheme of natural CH, emission pathways. Adapted from Sanches et al. (2019)
CH, emissions CH, diffusion flux CH, ebullitive flux
mediated by
aquatic vegetation

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

Diffusion is mostly wind- and turbulence-driven and often identified to be responsible for high-
est CH4 emissions (e.g. Robison et al. 2022) for streams. Additionally, diffusive fluxes of CH4 are
often diminished due to the microbial oxidation of CHa. In streams, for instance, CH4 oxidation at
the sediment surface or within the water column can prevent approximately up to 50 % of CHs4
emissions (Robison et al. 2022).
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Ebullition describes the release of accumulated CH4 bubbles from sediments into the water col-
umn. Depending on the sediment type, sediment porosity, sediment deposition rate (Marcon et
al. 2023) and the disturbance frequency e.g. due to bioturbation (Booth et al. 2021), ebullition
can contribute large amounts to the total CH4 emissions or even represent the dominant emis-
sion pathway, as was shown for wetlands (due to high C stocks) and reservoirs (due to high sedi-
ment accumulation; e.g. Maeck et al. 2013; Deemer et al. 2016; Miller et al. 2017).

The last main natural CH4 emission pathway is plant-mediated transport. It is usually conducted
by vascular plants such as macrophytes that are able to transport CHs from the rhizosphere
through their roots and stems into the air, called the “chimney effect” (e.g. Bhullar et al. 2013).

3.3 Nitrous oxide (N20)

N0 is predominantly produced by microbial processes such as nitrification, denitrification and
nitrifier-denitrification (e.g. Stein & Yung 2003; Kool et al. 2011; Quick et al. 2019). The domi-
nant variables influencing these processes are the ambient oxygen and dissolved N (nitrate, ni-
trite and ammonium) concentrations. Under oxic conditions, nitrification was found to be the
dominant process to produce N20. By contrast, under hypoxic or anoxic conditions, denitrifica-
tion is mainly responsible for the formation of N,O. Boundary layers e.g. in sediments and soils,
where oxic and anoxic conditions prevail, are favourable for both processes, as well as for nitri-
fier-denitrification and thus, display hotspots of N,0 production. In detail, the close spatial cou-
pling of the processes is responsible for this finding, because one depends on the other as will be
described below.

Nitrification is a two-step process by which ammonium (NH4*) is firstly oxidised to nitrite (NO2-)
by ammonia-oxidising archaea, followed by the oxidation of NO- to nitrate (NOs-) by NO»- oxi-
dising bacteria. Besides being dependent on oxygen, nitrification is also influenced e.g. by the pH
in the soil/sediment. N0 is produced as a side-product, so that it can be regularly released dur-
ing the process. Nitrification is not only occurring in the soil/sediment, but can also be found in
the water column, predominantly in areas with high turbidity. This turbidity is caused by high
amounts of suspended particles that are favoured surfaces for nitrifiers to attach to (e.g. Brion et
al. 2000).

Denitrification is the microbial reduction of NO3- to dinitrogen gas (N:), occurring under hypoxic
or anoxic conditions. Due to the dependency on its substrate (NOz-), denitrification is usually
conducted in environments with high NO3 concentrations, either originating from external
sources or from the close vicinity to nitrification, e.g. at the abovementioned boundary layers. In
contrast to nitrification, N2O is produced as an intermediate and thus, is often further reduced to
N> by an enzyme called N»O reductase. To be released, N0 needs to be the end product of the
(incomplete) denitrification process which is favoured e.g. by inhibition of the N0 reductase.
This inhibition can be influenced by several factors such as the quality of organic C and the NO3-
concentration (Senbayram et al. 2012), ultimately leading to an increased N>0/N; ratio and thus,
a higher release of N20. Overall, denitrification is seen as an important process to be enhanced
by restoration measures because it provides an effective, natural way to remove reactive N from
polluted ecosystems.

Lastly, the so-called nitrifier-denitrification is another process that contributes to the production
of N0. It is conducted by nitrifiers who firstly oxidise NH4* to NOy,, followed by the reduction of
NO2 to N20. Under low oxygen conditions, nitrifier-denitrification can be a significant source of
N0, being able to contribute up to 66 % to the total N0 production (Zhu et al. 2013).

In natural inland waters, N,O emissions are usually negligible or even negative due to low con-
centrations of dissolved inorganic N species such as NO3-, NO2- and NH4*. One source of N for
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natural waters is atmospheric deposition which can lead to higher N,O emissions (McCrackin &
Elser 2011). Despite naturally receiving N, one recent study found that natural inland waters of-
ten remove N0 from the atmosphere, indicated by a widespread occurrence of undersaturated
conditions in streams, rivers and lakes across different biomes (Aho et al. 2023) which hints to-
wards the uptake of N»O. This uptake is based on the consumption of N,O by denitrifying micro-
organisms under hypoxic conditions within the sediment or the water column.
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4 Results of the meta-analysis

The focus of this review is on temperate zones and dammed-up areas which is why references
being suitable for these categories are the most abundant ones within the meta-analysis.

Generally, references consist mostly of peer-reviewed articles from various national and inter-
national journals. Overall, 252 relevant references were found and included into the database for
this review. To conduct a systematic review, 10 main categories were set up:

Continent

Landscape

Greenhouse gas species

Pressure type

Flowing type

Water body type/terrestrial area type
Type of study

Measures included

. Not GHG-related

10. Element

© PNV WN R

Within category 1 “Continent”, not every reference could be assigned to a specific country. Most
studies were found for Europe (number of studies: 70, almost half of them from Germany), Asia
(45) and North America (31) (Figure 4). For 8 of the 10 main categories, several subcategories
were created. In category 1 ,Continent, the subcategory 1.4 ,Africa“ does not consist of any sub-
category. Due to its predominant affiliation, Russia was assigned to Asia although the prevailing
opinion is that Europe extends as far as the Ural Mountains. A few studies are not country-spe-
cific, so that deviations between the numbers in the text and illustrations can be explained by
this. As a result, the totals for continents are often greater than the sum of the country-specific
studies for each continent. For Europe, it is therefore easy to differentiate between the countries
for which the studies were carried out (Figure 5). The corresponding illustrations for Asia are
shown in Figure 6. The figures for the other continents are briefly discussed below.

Figure 4: Numbers of included studies for each continent (blue circles). GIS-Data source: Na-
tural Earth Data (2023)

Source: Own illustration, biota — Institut flir 6kologische Forschung und Planung GmbH.
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Figure 5: Numbers of studies included for subcategory 1.1 “Europe” and its subcategories

B Germany M Spain M France B Netherlands B Sweden
B Switzerland M Austria Poland B Romania H Belgium
B Czech Republic  m Denmark B Greece ® Norway m UK

UK = United Kingdom
Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

Figure 6: Numbers of studies included for subcategory 1.2 “Asia” and its subcategories

1 1

B China H Korea B Russia H Borneo H India

Source: Own illustration, biota — Institut flir 6kologische Forschung und Planung GmbH.
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Among the studies from Asia, 37 out of 43 were from China (Figure 6). For North America, the
studies are distributed as follows: United States of America 22 references, Canada 9 references
and one reference each for Puerto Rico and Panama. Only three studies were found for the conti-
nent of South America. For both Africa and Australia & Oceania, two studies were found, respec-
tively.

The evaluation of category 2 "Landscape” showed that only comparatively few works could be
clearly categorised. A total of 23 references could be clearly assigned to the lowlands (or the wa-
ters of the lowlands), while 6 investigations are dedicated exclusively to waters in mountainous
landscapes.

Category 3 “GHG species” constitutes mostly of references that worked on CHs4 (158), followed
by CO, (130) and N,O (84), see Figure 7, however, many studies focused on more than one GHG.

Figure 7: Numbers of studies included for category 3 “GHG species” and its subcategories

158

mCH4 mCO2 mN20

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

For category 4 “Pressure type”, the subcategories “Dams, barriers and locks” (128), “Diffuse
sources” (70) and “Hydrological alteration” (61) yielded the highest numbers of references. For
this review, anthropogenic types of pressure on inland waters were classified in accordance
with the WFD reporting. For further descriptions of the pressure types, see Chapter 5.

In category 5 “Flowing type”, the majority of references deals with effects of dammed/im-
pounded water bodies (96) compared to free-flowing waters (55) (Figure 8). Category 6 “Water
body type” is dominated by references dealing with artificial water bodies (125), reser-
voirs/dams (122) and rivers (121). In general, a high diversity of all possible water body types
and classifications with regard to naturalness or anthropogenic genesis/modification is recog-
nisable in the studies (Figure 9).

In connection with the type of study (category 7), a high number of studies are in-situ studies
(107), i.e. the acquisition of measurement data has high priority here. A total of 76 studies are
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based on modelling applications (44) and conceptual or statistical approaches (32). As many as
73 papers are based on a review process (Figure 10).

Figure 8: Numbers of studies included for category 5 “Flowing type” and its subcategories

B dammed-up H free-flowing

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.
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Figure 9: Numbers of studies included for category 6 “Water body type/terrestrial area type”
and its subcategories

12 6 4
28 16

64

122

72
121
W artificial WB M reservoir/dam M river M natural WB
M heavily modified WB M lake M stream floodplain
H wetland H pond M estuary M ditch

WB = water body
Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

Figure 10: Numbers of studies included for category 7 “Type of study” and its subcategories

6 3

27

Min-situ Wreview M modelling M conceptional/statistical M guideline/report/protocol M experimental ™ comment

Source: Own illustration, biota — Institut flir 6kologische Forschung und Planung GmbH.
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Categories 8 “Measures included” (21 references) and 9 “Not GHG-related” (53 references) were
not further divided into subcategories. References in category 9 “Not GHG-related” and 10 “Ele-
ment” were included due to their general nature on the topics of ecosystem functioning, health
and potential effects of perturbations such as by anthropogenic pressures.

Category 10 ,Element” was established as a supplementary category for category 9 ,,Not GHG-
related” in order to sort by elements (C, N, P) that are discussed in the respective studies. Within
category 10, 16 references deal with C-, 12 with N- and 8 with P-related topics.
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5 Impacts of anthropogenic pressures on the C cycle and
GHG emissions

5.1 Selection of relevant pressure types

Anthropogenic pressures on the C cycle and GHG emissions display a wide variety of impacts
with different consequences. A schematic overview of the relevant processes in heavily modified
or artificial water bodies using the example of rivers with barriers and their effects on GHG pro-
duction is shown in Figure 11.

Figure 11: Scheme of CO;, CH; and N;O cycling in heavily modified or artificial water bodies
using the example of rivers with barriers

Atmospheric deposition:
inorganic and organic
nutrients

- e -
Organic and
inorganic loads Organic and inorganic loads

Retention time

Organic
carbon

_ Accumulated sediments

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.

The pressure types analysed in this review are in accordance with the WFD and MSFD reporting
system of the German Working Group on water issues of the Federal States and the Federal Gov-
ernment (LAWA 2022). The relevant pressure types for this review are (partly with subcatego-
ries):

» Substance loads from point and diffuse sources (Chapter 5.2)

a) Input of organic matter into the aquatic environment (Chapter 5.2.1)

b) Input of inorganic substances into the aquatic environment and subsequent production
of organic matter (Chapter 5.2.2)

» Hydromorphological pressures (Chapter 5.3)

a) Dams, barriers and locks (Chapter 5.3.1)
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b) Reservoirs (due to their high importance as a separate category) (Chapter 5.3.2)
c) Hydrological alterations (Chapter 5.3.3)
d) Morphological alterations (Chapter 5.3.4)

» Other pressures (Chapter 5.4)

A total of 194 studies was identified with regard to an analysis or description of relevant pres-
sures. Figure 12 shows the numbers of studies researched and analysed, broken down by the
pressure types used in the meta-analysis.

Figure 12: Number of studies included for category 4 "Pressure type" of the meta-analysis,
broken down by subcategory

15 9 1 1

128

70
B Dams, barriers and locks m Diffuse sources M Hydrological alteration
B Morphological alteration B Other pressures H Point sources
m Abstraction/flow diversion H Introduced species and litter M Historial pollution

Source: Own illustration, biota — Institut fiir 6kologische Forschung und Planung GmbH.
Note: Reservoirs are included in the category "Dams, barriers and locks".

The largest group are 128 studies that identify dams, barriers and locks (including reservoirs) as
the cause of increased GHG releases. This is followed by 70 studies on diffuse sources of organic
and inorganic pollution, 61 studies that address hydrological alterations and 47 studies that ad-
dress morphological alterations as a cause. Other causes are analysed or emphasised to a lesser
extent. The sub-category "Other pressures” was assigned to studies that deal with the effects of
climate change or specific physical backgrounds, which resulted in 28 studies.

Table A1 (see Appendix) provides a complete overview of the studies recognised as relevant for
the category "type of pressure". This includes the 194 studies mentioned, which are listed in the
table in alphabetical order according to the first author. The following information is used for
labelling: Subcategories of pressure types, water body type/floodplain, water body type accord-
ing to WFD (AWB = artificial water body, HMWB = heavily modified water body, NWB = natural
water body) and type of study (e.g. in situ, review, modelling, ...).
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5.2 Substance loads from point and diffuse sources

In brief

Substance inputs from various point and diffuse sources are the major ecological threat to all
types of inland waters. The most important anthropogenic sources of organic and inorganic sub-
stances originating from point and diffuse sources are:

» Wastewater treatment plants (WWTPs)
» Soil erosion due to agricultural activities
> Use of fertilizers

Overall, the unnaturally high input of organic and inorganic substances leads to a high internal pro-
duction of organic matter within inland waters and thus, to eutrophication. Additionally, the high
availability of substrates was shown to fuel the production of the climate-relevant GHGs CO,, CH,
and N0.

For instance, CO, and CH4 emissions in a WWTP effluent were found to be enhanced by a factor of
1.2 and 8.6, respectively (Alshboul et al. 2016). In general, the input of nutrients from urban
wastewater is estimated to increase by a factor of 2.5 to 3.5 between 2000 and 2050 (Van Drecht
et al. 2009).

Modelling increasing P loads revealed that lentic waters will emit 30 - 90 % more CH4 over the next
century (Beaulieu et al. 2019). Regarding all GHGs addressed in this review, a continued global in-
crease of eutrophication could result in a 5 - 40 % increase of the GHG effect (DelSontro et al.
2018).

5.2.1 Input of organic matter into the aquatic environment

Organic matter (OM) is often categorised and quantified as dissolved organic matter (DOM) and
particulate organic matter (POM). The exchange between these pools is highly dynamic and
plays a major role for the OM cycling in marine and freshwater ecosystems, such as for interac-
tions with aquatic organisms or the bioavailability of pollutants (Wei et al. 2016). Additionally,
the origin of OM is distinguished between allochthonous (external, land-derived) and autochtho-
nous (internal production via photosynthesis) sources.

The major anthropogenic point source of OM into aquatic ecosystems is effluent from
wastewater treatment plants (WWTPs, e.g. Brown et al. 2023). In urban areas, this highly OM-
enriched water is discharged into streams and rivers where it fuels the microbial production of
GHG by providing organic substrates (e.g. Alshboul et al. 2016; Brown et al. 2023; Park et al.
2023). Alshboul et al. (2016) investigated the CO; and CH4 concentrations in effluents of WWTPs
and receiving streams in Germany. They found that downstream of the WWTPs, concentrations
of CO2 and CH4 were enhanced, resulting in increased emissions of both gases by a factor of 1.2
and 8.6, respectively. Additionally, the CH4 concentration in the effluent was linearly correlated
with the organic load (Alshboul et al. (2016). Park et al. (2023) point out that cities and urban
centres in particular act as hotspots for substance inputs and are therefore relevant for in-
creased downstream production and release of GHGs. On a global scale, wastewater has been
found to have the strongest impact on ecosystem functions such as food web complexity and net
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ecosystem production of rivers and streams compared to other human stressors such as agricul-
ture, urbanisation, habitat loss, nutrient enrichment and flow regulation (Brauns et al. 2022).

Regarding diffuse sources, soils are the main natural source of OM to freshwater ecosystems
(e.g. Wilkinson et al. 2013; Rasilo et al. 2017; Zhu et al. 2022). Due to anthropogenic activities
such as agriculture, including the ploughing of arable land, large areas of bare soil are perma-
nently and systematically eroded, so that high amounts of organic material are transported into
aquatic ecosystems via wind or rainwater run-off. Additionally, characteristics of the adjacent
watersheds like intensity of human activities or their geological conditions were identified to
have a significant effect on the receiving water bodies (e.g. DelSontro et al. 2018; Le6n-Palmero
et al. 2020). After reaching inland waters, the OM is either buried in sediments, transported to
the ocean or, most relevant for this review, processed and transferred to the atmosphere mainly
as COz and CH4 (e.g. Lapierre et al. 2013; Harmon, 2020). Globally, it is estimated that 25 % - 44
% of riverine terrestrial C is respired and emitted to the atmosphere (Harmon, 2020).

A second pathway for diffuse OM input is via lateral transport within the soil/sediment of water
bodies, e.g. via polluted groundwater. Rasilo et al. (2017) found that the oversaturation of CO in
boreal streams originated mainly from the mineralization of soil-derived DOC and CHa. This min-
eralization is usually highest within the so-called hyporheic zone which refers to the upper sedi-
ment layer of freshwater ecosystems. However, high OM concentrations also within the water
column were found to be highly relevant for the production of GHG, leading to increased GHG
emissions (e.g. Kumar et al. 2023a).

The review from Harmon (2020), dealing with C fluxes to and from inland waters, illustrates the
complexity of multifactorial effects on aquatic ecosystems. As one example, Harmon (2020) de-
scribes how the quantity and quality of DOC influences several factors. For instance, the amount
of DOC has an influence on the penetration depth of solar radiation, which in turn influences the
water temperature and primary production and thus, potentially also the uptake or production
of GHG. Adding to this, West et al. (2012) showed that the source of DOC plays a critical role for
the CH4 production. Thereby, DOC derived by algae fuelled higher CH4 production rates com-
pared to terrestrial DOC (West et al. 2012), which was likely due to a higher quality of algae-de-
rived DOC (defined as containing more labile and thus, easily degradable C).

5.2.2 Input of inorganic substances into the aquatic environment and subsequent pro-
duction of organic matter

Unnaturally high inputs of inorganic substances like N- and P-containing nutrients into aquatic
environments lead to a highly intensified production of organic matter (primary production),
called eutrophication. This anthropogenically induced process is a prominent global issue that is
responsible for a wide variety of ecological problems, e.g. a reduction of the NO3- uptake effi-
ciency by autotrophic organisms in agriculturally influenced waters by 347 % (Brauns et al.
2022), ultimately resulting in a worsened quality status of the majority of water bodies. Due to
the increased production of organic matter, the remineralisation of this matter requires more
oxygen than is produced during its build-up, so that hypoxia is one of the major consequences
that can finally increase the production of GHG (e.g. Beaulieu et al. 2019; Xiao et al. 2021; Zhang
et al. 2021). With regard to CH4, modelling increasing nutrient loads (total P) led to the conclu-
sion that global CH4 emissions from lentic waters (lakes and reservoirs) will increase by 30-90
% over the next century (Beaulieu et al. 2019). For all GHGs (CO2, CH4 and N;0), DelSontro et al.
(2018) estimated that a global increase of eutrophication could translate to a 5-40 % increase of
the GHG effect.
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The most important point source of nutrients such as NOsz-, NHs* and phosphate (PO43-) is again
the effluent of WWTPs. Thus, water bodies in urban landscapes were commonly revealed as
hotspots of GHG production and emission (e.g. Li et al. 2020; Zhang et al. 2021; Brown et al.
2023; Park et al. 2023). Globally, the input of nutrients from urban wastewater is estimated to
increase by a factor of 2.5 to 3.5 between 2000 and 2050 (Van Drecht et al. 2009). Wang et al.
(2021) investigated the C and N concentrations, as well as the C:N ratio of wastewater-receiving
lakes and rivers and found high concentrations of both elements with low C:N ratios. Generally,
low C:N ratios are beneficial for a higher N,O yield by denitrification (Quick et al. 2019). This
was confirmed by Wang et al. (2021) who found a stimulating effect of low C:N ratios on the ac-
cumulation of N0 during denitrification in wastewater-influenced urban inland waters in China.

Regarding all GHGs discussed in this review, a study by Zhang et al. (2021) found that Chinese
urban rivers emitted 14, 7 and 2 times more N;0, CH4 and CO; than non-urban rivers, while the
flux magnitudes showed a reverse order, where highest emissions derived from CO,, followed by
CH4 and N»O. Similar values were estimated for an urbanized river system in Ecuador, where a
water quality change from “acceptable” to “very heavily polluted” resulted in increased GHG con-
centrations by up to 10 times for CO; and CHa, respectively, and by 15 times for N20 (Ho et al.
2022).

With regard to diffuse sources of inorganic substances, the input of nutrients from agricultural
activities is by far the most important source leading to increased GHG emissions, as revealed by
many studies (e.g. Borges et al. 2018; Hao et al. 2021; Pu et al. 2021; Wu et al. 2023; Schodel
2024). Within an agricultural river network in China, widespread and permanent supersatura-
tions of COz and CH4 were found which were positively correlated with nutrient loading due to N
fertilizer input (Xiao et al. 2021). For a highly polluted, temperate estuary in Germany (Elbe es-
tuary), N,O emissions were found in all seasons, with the highest emissions occurring in winter,
coinciding with highest DIN loads, and in the Port of Hamburg (Schulz et al. 2023). The average
flux was calculated to be 39.9 pumol N20 m-2 d-1, which corresponds to 6.4 kg N,O hat a-L. Con-
verted to GWP1qo, this corresponds to approximately 1.75 t CO.eq ha! a1, with approximately
three times this amount being released in the Port of Hamburg. Despite decreasing DIN inputs
over the years, N,O emissions did not decrease simultaneously (Schulz et al. 2023). This finding
indicates that even after the reduction of external nutrient inputs. The internal pollution of
aquatic systems is a major long-term threat that is likely to continue.

Due to the stimulation of primary production by nutrient inputs, chlorophyll-a concentrations,
as bioindicator for phytoplankton growth, were identified to be good predictors of GHG emis-
sions, especially of CHs and N20O (DelSontro et al. 2018; Beaulieu et al. 2019). This was, for in-
stance, confirmed for Chinese lakes, in which chlorophyll-a, but also total organic carbon (TOC)
concentrations were revealed as key factors of GHG emissions (Kumar et al. 2023a). In general, it
was estimated that eutrophic shallow lakes emit approximately 49 % more CHs4 than non-eu-
trophic shallow lakes (Li et al. 2021).

However, few studies revealed that increased nutrient inputs can also lead to unexpected effects.
Although Wang et al. (2023a) reported positive correlations of dissolved CO; concentrations
(pCO2) with different N and P species in urban rivers, high CO, concentrations did not result in
high CO; fluxes. The reason for comparatively low CO; fluxes despite high CO; concentrations
was a low gas exchange rate between the water and air that was driven by low water velocities
and wind speeds (Wang et al. 2023a). Two studies on CO; emissions from eutrophic lakes re-
vealed that eutrophication can, despite the increase of CHs emissions as expected, lead to re-
duced CO; emissions (Balmer & Downing 2011; Sun et al. 2021). This combination of lowered
CO2 and increased CH4 emissions was the result of an intensified primary production that firstly
led to a higher uptake of CO», but secondly to a higher production of CHs due to a larger pool of
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OM, serving as substrate for remineralisation (Sun et al. 2021). Concerning N;0, Webb et al.
(2019) reported widespread N,0 undersaturations in eutrophic farm reservoirs. Lowest N,O
concentrations in these artificial water bodies were found during algal blooms and stratification
of the water column, likely due to temporary hypoxic or anoxic conditions (Webb et al. 2019).
These examples illustrate the importance of considering multifactorial ecological effects on an
individual basis which is necessary due to specific conditions e.g. related to the water body type.

5.3 Hydromorphological pressures

In brief

Hydromorphological alterations such as

» the construction of dams, barriers and reservoirs
» impaired flow regimes and

» changes of physical drivers

result in a fundamental destruction of the natural structural conditions of inland waters. This de-
struction leads to altered biogeochemical conditions that strongly influence the spatio-temporal
extent and intensity of biological processes. Natural ecosystem services such as the uptake of
GHGs, the retention of nutrients or the burial of substances are reduced, entirely lost or even re-
versed, resulting in elevated GHG emissions from inland waters.

A comparison of boreal lakes and reservoirs revealed 10x higher GHG fluxes from reservoirs
(Tranvik et al. 2009). On a global scale, reservoirs are estimated to account for around 1 % of an-
thropogenic GHG emissions (Li et al. 2022), where the contribution of CH, is likely the highest
(Deemer et al. 2016).

Consideration of drawdown areas raises global CO, emissions of reservoirs by 53 % (Keller et al.
2021). This results in an increase of CO, emissions of inland waters by 6 — 10 % (Marcé et al. 2019;
Keller et al. 2020).

5.3.1 Dams, barriers and locks

Globally, the number of dams is estimated to be > 1 million (Lehner et al. 2011). For Europe, the
Amber Barrier Atlas already includes ~630,000 dams and barriers (AMBER Consortium 2020).
Thus, considering this estimation for Europe and the fact that many small-scale dams and barri-
ers are not considered yet, the actual global number is expected to be much higher. The main
purpose for building dams and barriers is flood control, electricity generation by hydropower,
irrigation, water supply, aquaculture, environmental services, recreational activities and naviga-
tion (Ion & Ene 2021). Although large dams and barriers have a larger effect on the local scale,
small water retention structures (SWRS) are estimated to play a significant global role due to be-
ing the most common type of water retention structure that causes river fragmentation (Gémez-
Gener et al. 2018). SWRS are defined as impoundments with an impounded area of <0.1 km? and
a volume of <0.2 km?® (Lehner et al. 2011). They cover only 3.8 % of the global reservoir surface
area but represent 99.5 % of the global number of reservoirs (Downing et al. 2006; Lehner et al.
2011).

The main impacts of dams and barriers on watercourse and floodplain ecosystems include (e.g.
Brunotte et al. 2009; European Commission 2018; Glinther-Diringer et al. 2021; Naumann 2022;
Mehl et al. 2015, 20223, b; Knott et al. 2023):
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» Interruption of ecological continuity for aquatic organisms (ascending and descending),
death and injury of individual animals during descent in turbines of run-of-river power
plants, interruption of continuity for solids and disruption of sediment dynamics

» Displacement and disturbance, barriers to migration and dispersal of protected species

» Hydrological changes, i.e. changes of the ecological flow regime, transformation of free-flow-
ing stretches into lakes or stretches with significantly reduced flow velocity and altered hy-
drodynamic behaviour, drying out of diversion stretches and thus considerable habitat
losses for species of running waters, changes of the flow regime by the establishment of hy-
dropower plants

» Changes in river morphology and riverine habitats

» Changes in the hydrodynamics of the groundwater, the flooding regime in the floodplains,
the watercourse, the floodplain structure and habitats and thus negative consequences for
the floodplain ecology and the floodplain condition leading to habitat losses

» Water chemical changes, changes of the material and energy balance (including temperature
regime) of the running waters and floodplains with consequences for trophic levels, food
chains, habitats and the introduction of invasive species.

The transport of sediment is relevant for particulate organic matter, which is transported in
flowing waters primarily in suspension, as suspended solids. The material can be living (espe-
cially plankton) or dead (decaying remains of plants and animals or already decomposed sludge-
like particles). Organic matter is often also bound to inorganic particles, e.g. silt and clay parti-
cles.

For sediment transport, which includes debris, stones, sand, silt and clay particles and organic
solids, taking place as bedload and suspended sediment transport, the grain size of the solids is
of great importance. Whether and which grain sizes are transported or deposited depends on
the hydrodynamic conditions. Suspended solids are kept in suspension by the turbulence of the
flow, whereby the upward impulses counteract the settling of the particles.

However, if the decisive hydraulic parameters such as flow velocity, bed shear stress and turbu-
lence fall below a certain limit value, the solids are deposited (DWA-M 525). In natural water-
courses, these are cross-section widenings, bends and reductions in gradient. In watercourses
with barriers and the resulting artificial enlargement of the cross-section, the flow velocity, bed
shear stress and turbulence drop to minimal values, so that massive sediment deposits occur in
the headwaters of the barriers.

With regard to GHGs, these sediment deposits play a crucial role for their production. Globally,
all dams are estimated to trap approximately 30 % of sediment flow to the coast (Gough et al.
2018). Due to the accumulation of organic matter, the microbial production of CO;, CH4 and N0
is fuelled and results in an increased release of GHGs from the sediment (e.g. Maavara et al.
2020b). Since most studies focused on sediment deposits and their effects on GHGs in the con-
text of reservoirs, a detailed description is given in Chapter 5.3.2.

The abovementioned hydraulic parameters not only play a crucial role on the sedimentation of
particles, but also on the microbial processing of organic matter up- and downstream of a dam.
By comparing the up- and downstream conditions, it was found that the water residence time,
being higher in lentic zones (upstream) led to a higher biomass production and also to a higher
microbial OC processing compared to lotic zones (downstream) (Proia et al. 2016).
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Overall, the construction of dams and barriers displays a major perturbation for aquatic ecosys-
tems, turning formerly lotic areas into lentic ones. Globally, Grill et al. (2019) estimated that very
long (> 1,000 km) rivers are most threatened by fragmentation, with only 36 % remaining free-
flowing over their entire length. In another study, Grill et al. (2015) calculated that 48 % of the
global river volume is moderately to severely impacted by fragmentation and regulation. As a
future scenario, this share could rise to 93 % by 2030 (Grill et al. 2015). Concerning streams and
rivers worldwide, a study by Van Cappellen & Maavara (2016) estimated that more than 50 %
are impacted by barriers, crossing one or more dams before reaching the ocean and that this
share could rise up to 90 % by 2030. In Europe, barriers constitute significant pressures for
about 20 % of surface water bodies and are one of the main reasons for failing to reach good
ecological status (European Environment Agency 2021).

According to a study by Mehl et al. (2023b), hydropower plants in Germany have a statistically
significant, negative (worsening) impact on 18 of 32 investigated parameters of the ecological
status of watercourses according to (1) the WFD and (2) the classification of the morphological
conditions of watercourses. One case study of a barrage in the River Main and its potential ef-
fects on CH4 emissions is described below.

A case study on the GHG impact of barrages

Currently, there are 7,156 hydropower plants in Germany (Eichhorn et al. 2019). For example, 37
run-of-river hydropower plants are located in the River Main. For one of the barrages combined
with a hydropower plant in the lower reaches of the River Main, called “Kleinostheim”, Lorke &
Burgis (2018) determined an average emission value of 282 mg CHs m2 d! as the sum of diffusion
and ebullition, based on representative measurements, but without measuring the outgassing at
or downstream of the barrage/hydropower plant. This case study is not representative but is used
hereinafter to illustrate the importance of the topic.

The barrage Kleinostheim is 15.004 km long (Wikipedia 2024). Cartographically, a centre width of
approximately 120 m can be estimated. This results in a relevant water area impacted by the bar-
rage of approximately 180 ha. Based on the above-mentioned value from Lorke & Burgis (2018),
including an increase of 9 % for the outgassing downstream of the barrage (standardised approach
according to IPCC 2019, UBA 2023a), this results in a CHs emission of the barrage of approximately
202,000 kg a or 202 t a. Converted to CO, equivalents (by a factor of 27, see Table 2), this corre-
sponds to 5,454,000 kg CO,eq a™ or 5,454 t CO,eq a™.

On the other hand, the Kleinostheim hydropower plant generates approximately 52,000 MWh of
electricity per year (BUND 2009). With the official value of the average GHG emission of German
electricity generation (498 g COeq kWh for 2022 including pre-impoundment emissions, UBA
2023c), this leads to an avoided emission of approximately 25,896,000 kg CO,eq a™ or 25,896 t
COeq a™. This means that CH, outgassing from the barrage alone accounts for around 21 % of the
emissions avoided by the hydropower plant (CO, and N,O would also have to be considered). It
should be noted that in 2020, the average emission value for the German electricity generation
was lower compared to 2022, denoted as 369 g CO,eq kWh (UBA 2023c). The increase is the re-
sult of the recently increased use of coal as an energy source for electricity production. This means
that with a growing share of energy generation from renewable energies and thus, a decreasing
mean emission value, the effect-reducing share of GHG releases from the barrage would continue
to grow in the sense of a trade-off.

If the GHG emissions of the barrage Kleinostheim are divided by its annual electricity yield, the cal-
culated value is approximately 105 g CO,eq kWh™ as the primary energy-related emission factor of
electricity generation from hydropower. By contrast, UBA (2023d) states a value of 2,659 g CO.eq
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kWh?, which is approximately 40 times lower and definitely shows that there is an enormous need
for investigation.

Conclusion: If the cause for the existence of dams is elsewhere, e.g. for use as a waterway such as
on the River Main, then hydropower plants will generally be seen as a positive energy solution.
However, if hydropower plants are the only or the main cause for the construction of dams and
barriers, the resulting increase in GHG emissions reduces their value for otherwise relevant elec-
tricity generation with low GHG emissions. Previous approaches seem to underestimate the mag-
nitude, possibly even greatly.

5.3.2 Reservoirs

Reservoirs feature some unique characteristics, which is why this type of water body is dis-
cussed separately in this review. The following three factors are considered to be decisive with
regard to the magnitude of GHG production and emission in reservoirs (e.g. Deemer et al. 2016;
Chanudet et al. 2020):

1. Altitude (representative of temperature)
2. Mean water residence time
3. Eutrophication level (N and P concentrations)

Due to the temperature dependence of biogeochemical processes, the GHG release quantities in
reservoirs will generally be greater in summer than in winter, as well as higher in the tropics
than in boreal/polar regions (e.g. Barros et al. 2011; Deemer et al. 2016). Globally, GHG emis-
sions from reservoirs are estimated to account for 1 % of anthropogenic emissions (Li et al.
2022), where the highest contribution originates from CH4 emissions (Deemer et al. 2016). Com-
pared to natural lakes, which are also known to be significant GHG emitters, boreal reservoirs
show 10x higher GHG fluxes (Tranvik et al. 2009). Although most reservoirs were identified to
be sources of GHGs, Deemer et al. (2016) reported that up to 16 % of all reservoirs were net
sinks for COz and N0. This highlights the complexity of GHG production and release within res-
ervoirs and illustrates the need for more investigations.

CH4 releases are generally higher in the transition zone between the inflowing river and the res-
ervoir than in the other littoral or pelagic zones (Maeck et al. 2013; Chanudet et al. 2020), which
can be simply explained by the sedimentation of POM caused by the decreasing transport force
of the water towards the dam. The river loses its transport capacity and has to release its sus-
pended material to the sediment, so that sediments with a high proportion of organic matter ac-
cumulate (Sobek et al. 2012).

The water depth of the reservoirs also appears to play a major role. The GHG release of large res-
ervoirs is not comparable with that of smaller reservoirs. In particular, a fundamentally different
size and shape or morphology as well as different hydrological and hydrodynamic conditions
play a decisive role here (e.g. Schilder et al. 2013; Chanudet et al. 2020). Obviously, the long resi-
dence time of water in deeper, higher-volume reservoirs favors the accumulation of GHGs in
deep water, increases the release to the atmosphere by diffusion, reduces the release by bubble
transport and increases the release to downstream areas (Chanudet et al. 2020). However,
deeper reservoirs can also emit less GHGs than shallow ones, e.g. if CO; is consumed by phyto-
plankton (Shi et al. 2023).

Generally, elongated water residence times stimulate phytoplankton growth and thus, can
strongly influence GHG emissions and nutrient dynamics (Chen et al. 2020). Usually, reservoirs
were found to serve as nutrient sinks, at least during the first years, due to enhanced biogeo-
chemical turnover and burial of organic matter and P species. Studies by Harrison et al. (2009),
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Maavara et al. (2020b) and Yan et al. (2022) calculated various retention efficiencies for N and P
which can directly impact downstream areas (Van Cappellen & Maavara 2016; Maavara et al.
2020a). Over time, reservoirs can potentially turn into nutrient and GHG sinks, as was observed
for CH4 in old reservoirs due to the ongoing input and sedimentation of organic matter and its
remobilisation (Sobek et al. 2012; Descloux et al. 2017).

Since reservoirs are comparable with lakes regarding their morphology, a comparison of these
two water body types appears reasonable. For instance, Schilder et al. (2013) found that the gas
exchange coefficient (diffusion coefficient) of CO, and CH, differs within lakes, which should also
have significance for reservoirs. They found the highest values in the lake centre, indicating that
the use of single-point measurements is not appropriate for whole-lake (or reservoir) extrapola-
tions.

In cascades of flow-through reservoirs, Shi et al. (2023) found an increase in GHG release down-
stream, which, with usually decreasing organic pollution due to the retention effect of the upper
reservoirs, speaks in favor of gas transport across the reservoirs. Additionally, not only the
transport of GHGs can increase downstream emissions in cascade reservoirs, but also the accu-
mulation of sediments that are trapped between the reservoirs. This trapping was found to in-
crease the nutrient cycling and also the release of nutrients (Chen et al. 2020; Wang et al.
2023b).

Reservoirs not only affect downstream areas which receive less amounts of water, but also their
upstream riparian areas, called “drawdown areas”. These areas are characterised by changing
water levels and temporary dry periods due to water level fluctuations. A study by Shi et al.
(2020) found that a hydropower plant in the Mekong River intensified water level fluctuations in
the reservoir, ultimately leading to higher denitrification rates at the land-water interface of ri-
parian zones. Concerning GHGs, accelerated microbial processes in the drawdown areas can also
lead to a higher production and release (Jin et al. 2016; Marcé et al. 2019), such as in marshes
(Chen et al. 2009) and wetlands (Jin et al. 2023). This was supported by Keller et al. (2021) who
showed that drawdown areas are hotspots for CO,, releasing large amounts of CO; that, if con-
sidered, would increase the global CO; emissions of reservoirs by 53 %. If the GHG release from
these temporary dry sediments is considered, the global CO; emissions of inland waters would
increase by 6 % -10 % (Marcé et al. 2019; Keller et al. 2020).

Since CH4 is emitted via various pathways and is the most important GHG in the context of reser-
voirs, most studies focused on this particular GHG. As described in Chapter 3.2, CH4 can be re-
leased into the atmosphere via diffusion, ebullition, plant-mediated transport and degassing.

Diffusion, for instance, can lead to an efficient CH4 oxidation within the sediment or the water
column, resulting in overall lower CH4 emissions, while ebullition leads to an increase of the to-
tal CH4 flux (Harrison et al. 2017). With regard to the type of reservoir, a comparison of run-of-
river and storage reservoirs revealed that run-of-river and generally shallow reservoirs with
short water residence times experience higher ebullition fluxes, while CH4 emissions in storage
reservoirs are dominated by diffusion (Chanudet et al. 2020). Higher ebullition fluxes in shal-
lower water bodies are a result of the lower hydrostatic pressure and its influence on the cohe-
sive strength of sediments. This strength varies as a function of the organic content and the pore
pressure, where a higher organic matter content is associated with a higher cohesive strength
and thus, a reduced bubble release (Joyce et al. 2003; Harrison et al. 2017). Concerning the over-
all occurrence of the different emission pathways, ebullition was identified to be the most rele-
vant process for most reservoirs, contributing approximately 65 % to the total CH,4 flux (Deemer
et al. 2016; Johnson et al. 2021). Degassing is the process of CH, release due to rapidly changing
pressure conditions. This emission pathway is exclusively important in the context of water
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passing through turbines of hydroelectric reservoirs. These turbines are usually located near the
bottom of the reservoir. When water is spilled out of the turbines, the pressure change, as well
as possibly accumulated CHs4 from the hypolimnion lead to the release of CHs4 via degassing
downstream of the dam. The importance of degassing e.g. after the flushing of a reservoir is still
under debate but was already found to be able to contribute large amounts to the total CHs emis-
sions (Harrison et al. 2021; Lessmann et al. 2023), especially if the spillway is located near the
reservoir bottom so that potentially hypoxic/anoxic and thus CHs-rich water is discharged. Thus,
CH4 emissions via degassing were previously highly underestimated and can account for up to
45 % higher GHG emissions if included (Harrison et al. 2021).

Many studies focus primarily on the reporting of CH4 emissions, e.g. the national GHG inventory
report of Germany (UBA, 2023a) reports only CH4 emissions from flowing and standing artificial
waters. Thus, the significance of the release of N0 from reservoirs is probably still underesti-
mated. This was, for instance, illustrated by Lauerwald et al. (2019) who reported that reser-
voirs account for 53 % of the N,O emissions from lentic freshwater water bodies, although they
account for only 9 % of the global standing water surface area. For a French, 85 years old reser-
voir, Descloux et al. (2017) showed that N,0 emissions, converted into CO; equivalents, ac-
counted for around a third of the CH, emissions recorded. However, due to non-existing studies
on simultaneously quantifying up- and downstream N»O emissions of reservoirs, Descloux et al.
(2017) were unable to compare their results to other reservoirs. Generally, the NO3- concentra-
tion was found to be a good predictor to estimate N0 emissions (Deemer et al. 2016).

5.3.3 Hydrological alterations

Some of the below-mentioned hydrological pressures are already discussed directly or indirectly
in the other sub-chapters of Chapter 5, as overlaps can hardly be avoided due to the high level of
complexity.

Hydrological changes represent a significant group of pressures with regard to anthropogeni-
cally increased or altered GHG releases for the following reasons:

1. The input of organic substances and inorganic nutrients into inland waters is predominantly
linked to hydrological processes.

2. Transport, storage and remobilisation of organic substances, nutrients and also GHGs within
water bodies and water systems depend on hydrological, hydrodynamic and hydrostatic
conditions.

3. Hydrological processes, usually in combination with other factors, provide a decisive physi-
cal framework for biogeochemical processes in inland waters.

The anthropogenic hydrological alterations mainly concern the following aspects, which are
therefore also responsible for changes and, in particular, an increase in GHG release (adapted
from Mehl et al. 2014):

» Catchment area characteristics (relevant characteristics for run-off formation and concen-
tration such as land use, vegetation cover, sealing, soil drainage, etc.)

» Catchment size, shape and structure/water network formation (artificial overpasses, canal
connections, creation of artificial lakes, changes in drainage direction, e.g. as a result of min-

ing)
» Quantity management measures (input, abstraction, transfer)

» Morphological measures including water maintenance measures (morphological alterations,
infrastructures, technical flood protection measures), see Chapter 5.3.4
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» Dam and reservoir effect (retention, abstraction, hydropeaking, solids removal), see Chap-
ters 5.3.1 and 5.3.2

» Changes in wetlands/floodplains, see Chapter 5.3.4

A summarised presentation of the pressure groups, the main hydrological impacts of the pres-
sures and the correlations with the parameters of the hydrological regime according to Annex V
WEFD and/or German Ordinance of Surface Waters (OGewV) are also shown in Figure 13.

The impacts of land use and changes in discharge were already examined by many studies (e.g.
Sanches et al. 2019; Hao et al. 2021; Valiente et al. 2022; Battin et al. 2023). For instance, Borges
et al. (2018) found that a combination of decreased freshwater discharge and increased agricul-
tural land use led to an increase of riverine CO,, CH4 and N»O concentrations in a large European
river (the Meuse, Belgium).

Generally, water level fluctuations likely have the strongest impact on riparian zones, in which
large areas are subject to frequently changing drying-rewetting cycles. For river-connected wet-
lands, Jin et al. (2023) found that water level fluctuations had a direct impact on the vegetation
cover, where, for instance, the Phragmites zone increased in the flooding period by approxi-
mately 28 %, whereas Carex and Phalaris decreased by approximately 43 %. Additionally, high-
est CH4 and N0 fluxes occurred during flooding and on bare mud sites (without vegetation) (Jin
et al. 2023). A similar pattern was observed by Machado dos Santos Pinto et al. (2020) who re-
ported that along a hydrological gradient, CO2 and CH4 emissions were highest in frequently
flooded areas compared to non-flooded and rarely-flooded areas. These studies demonstrate
that changing hydrological conditions are highly stimulating on biogeochemical processes and
thus, the production and emission of GHGs. Leng et al. (2021) even speculated that changing hy-
drological conditions could have a greater impact on future CH4 emissions compared to warm-
ing.

Within standing waters such as lakes and reservoirs, internal hydrological conditions, poten-
tially being altered due to anthropogenic activities, were identified to influence the storage and
release of GHGs. In a small eutrophic lake in Switzerland, water column stratification and mixing
had a major impact on the turbulent diffusivity, where a higher diffusivity represents a higher
mixing and more CHs being oxidised, while a lower diffusivity lead to a greater proportion of CHs
storage within the hypolimnion (Vachon et al. 2019). Thus, if water level fluctuations or the size

of the water surface area are modified, these changes can likely influence the storage and emis-
sion of GHGs.
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Figure 13:

Pressure groups and their major hydrological effects on inland waters according to

Annex V WFD and/or German Ordinance of Surface Waters (OGewV), adapted from

Mehl et al. (2015)
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Morphological alterations

Alterations to the natural morphology of inland waters are based on measures that primarily

serve to "improve" the hydraulic capacity of the watercourses, to stabilise navigation or to "im-
prove" the receiving water for agricultural purposes. The following measures are primarily in-
volved:

>

| 2

|

River straightening (higher flow velocity, less sediment accumulation, less turbulence, less

oxygen penetration into the sediment)

Deepening of rivers (potential stratification of deeper areas, changes of conditions within
near-bottom layers with direct effects on biological processes)

Changes in transverse and longitudinal profile (e.g. homogenization of river beds, less sur-

faces for the accumulation of biofilms)
Changes in the substrates

Construction of pipework

In principle, such anthropogenic measures lead to the destruction of the original structural con-
ditions of the water bodies and to the elimination of the original ecological continuity of the wa-
tercourse systems through artificial structures (e.g. weirs, but also dams, barriers, locks and res-
ervoirs) and the resulting changes of physical conditions.
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Due to river straightening, for instance, buffer zones along the river bed are disconnected from
the river and no longer able to provide their ecosystem function as sinks for nutrients (e.g. Wal-
ton et al. 2020). Ultimately, this results in the loss of these habitats which was found to signifi-
cantly inhibit food web complexity and net ecosystem productivity (Brauns et al. 2022).

Additionally, river straightening increases the flow velocity and leads to a decreased water re-
tention time that limits the efficiency of biological processes. With regard to GHGs, changes of
the turbulence directly alter their release into the atmosphere, where a high turbulence leads to
high emissions and vice versa (e.g. Liu et al. 2017). Due to this higher turbulence and gas trans-
fer velocities, streams were found to emit higher quantities of GHGs than rivers (e.g. Alin et al.
2011). In the Elbe River, a comparison of different river areas (midstream vs. groyne fields) re-
vealed that more turbulent areas such as between groynes are characterized by higher gas
transfer velocities that lead to much higher CHs emissions (Bussmann et al. 2022; Koschorreck
et al. 2023). Regarding the effect specifically on CH4 emissions, for instance, physical drivers
such as gas transfer velocity, elevation and river slope were found to be the most relevant ones
(Rocher-Ros et al. 2023).

In addition, the morphological changes intentionally or unintentionally lead to changes in ripar-
ian wetlands/floodplains, such as loss of area/volume due to embankment, morphological
changes, direct hydrological regulation measures in the floodplain, in particular drainage,
changes in roughness due to use, lowering of the groundwater table and reduction of exfiltration
into surface waters. For Europe, Christiansen et al. (2020) estimated that up to 90 % of all Euro-
pean floodplains are degraded due to hydromorphological pressures. According to this, it can be
assumed that e.g. a reduced nutrient retention in floodplains could lead to higher nutrient avail-
abilities in the adjacent water body and thus, to a higher GHG production.

5.4 Other pressures

Within this category, studies dealing with physical pressures and being related to climate change
are summarised.

Physical drivers, such as gas transfer velocity, elevation, river slope or meteorological factors are
responsible for a wide variety of effects on biological and chemical processes. Temperature is
undoubtedly one of the main controlling factors on all processes that are responsible for the pro-
duction of GHGs. For instance, a direct comparison of physical versus biological factors on CHs4
dynamics in shallow lakes revealed that physical drivers appeared to be more important (Balifia
et al. 2022). According to a study by Aben et al. (2017), each temperature increase by 1°C could
resultin 6 % -20 % more CH, originating from ebullition in freshwaters. The importance on sed-
iment characteristics and their storage capacity was reported by Van Bergen et al. (2019) who
found that the sediment CH,4 release was mainly driven by temperature. Additionally, they found
that ebullition increased exponentially above a threshold of 15°C. Another study by Marotta et
al. (2014) also reported that warming will increase sedimentary CH4 and CO; production in lakes
by up to 61 %.

However, also biological factors were identified to have an impact on GHG emissions. Aben et al.
(2022b) conducted a mesocosm experiment where the climate warming effects of different plant
types (algae, free-floating and submerged plants) on GHG emissions were tested. It was demon-
strated that GHG fluxes differed depending on the dominant plant type, where the response was
strongest for free-floating plants. The authors concluded that an anticipated shift from sub-
merged plants to an algae- or free-floating-dominated system due to warming could lead to an
increase of GHG emissions.

61



TEXTE Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation of their mitigation potential
by restoration measures — A review

As one consequence of climate change, shifts in precipitation patterns are predicted. Multiple
studies showed that precipitation in general and thus, also shifting patterns, can influence the
production and release of GHGs. The most obvious effect is that water routes are altered which
makes the local catchment hydrology and land use even more important to consider (Battin et al.
2023). However, also the global importance of changing hydrological conditions on river flows
was already revealed (Gudmundsson et al. 2021). A study by Sinha et al. (2017) reported that
eutrophication will increase during the 21st century as a result of changing precipitation pat-
terns. Deemer et al. (2016) found that precipitation is generally a good predictor for CO». Con-
cerning CH4, precipitation was identified to have a significant effect on partial pressure, diffusion
and ebullition in floodplain ponds of the Three Gorges Reservoir (Miller et al. 2019). Further-
more, also drought events will likely have a major influence on GHG emissions. Gémez-Gener et
al. (2015) conducted a combined in situ and modelling study on hot spots of C emissions during
a summer drought. The results of their model show that extreme drying would increase the sur-
face area of their study site by approximately 4 times and thus, would double the CO; emissions.
Besides affecting the biogeochemical processing in inland waters, also their abundance and dis-
tribution will be changed due to changing precipitation and run-off patterns, as was described
for lakes by Tranvik et al. (2009).

Another predicted consequence of climate change is that storms are likely to occur more often
and more intense. Together with changing hydrological patterns and water routes, storms will
likely enhance nutrient losses from land into inland waters where the GHG production is ulti-
mately fuelled (Beaulieu et al. 2019).
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6 Quantification options of GHG emissions

6.1 Representative in situ measurements

The basis for any quantification of GHG release from landscape components, such as inland wa-
ters, is to conduct reliable in situ measurements using the best measurement methods currently
available. GHG release or uptake is usually determined by using chambers with a defined volume
and exposure time, in which the concentration development over time is measured. Measure-
ments should be carried out at a sufficient number of different locations and times of the year to
capture both the spatial and temporal variability of emissions from a water body (UNESCO/IHA
GHG Measurement Guidelines for Freshwater Reservoirs 2010 (Goldenfum 2010), IPCC 2019).
Both data of GHG measurements and on boundary conditions should be recorded in a process-
oriented time cycle and over a sufficient period of time in order to minimise meteorological, hy-
drological and also water management and load-relevant influences on the homogeneity of the
data as far as possible. However, it must be noted that an appropriate monitoring strategy would
be highly time-consuming and cost-intensive.

The following technical approaches are used in particular to determine gas concentrations in the
field:

» Gas chromatographic systems with a barrier discharge ionisation detector and an electron
capture detector

» Systems using laser absorption
» Photoacoustic systems with dew point control
» Infrared spectrometer (vibrational spectroscopy using Fourier transformation)

When measuring and balancing the release of GHGs from inland waters, it is important to record
all transfer pathways from the water body to the atmosphere. It should also be considered in the
subsequent analysis that dissolved gas drifts with flowing waters and thus, is sometimes only
released elsewhere, i.e. on the adjacent flow path and not close to the area of its production. The
following pathways in the sense of GHG transfer from water bodies into the atmosphere can be
differentiated (e.g. Sanches et al. 2019, see also Figure 2, Figure 3 and Figure 11):

1. Release through rising gas bubbles (ebullition),
2. Diffusive gas exchange at the water surface,

3. Degassing downstream, and

4. Emission via emerse macrophytes.

In addition to the internal processes and conditions within water bodies, atmospheric and mete-
orological parameters (especially air pressure and wind speed) also play a major role for diffu-
sive gas exchange.

The degassing that takes place in reservoirs and hydropower plants in particular can be esti-
mated as the difference between the concentration of dissolved gas when the water enters the
reservoir or dammed area and the concentration of dissolved gas downstream, multiplied by the
outlet flow (IPCC 2019). The diffusive emission can either be measured directly or estimated us-
ing a mass balance approach (Goldenfum 2010). Typically, diffusive fluxes are estimated using
near-surface concentrations in combination with a thin boundary layer model for most systems
(see Deemer et al. 2016), using floating chambers or, if necessary, by eddy flux measurements
(IPCC 2019). Ebullitive fluxes of CH4 are estimated using inverted funnel traps and echo
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sounders. For the joint detection of ebullitive and diffusive CH4 fluxes, floating chambers or eddy
flux techniques or a combination of the available methods are commonly used (IPCC 2019).

For large bodies of water, very accurate measurements of emissions can also be achieved by in-
stalling eddy covariance systems with suitable gas sensors that are continuously measuring
throughout the year (Lorke & Burgis 2018). The eddy covariance method is a direct micromete-
orological measurement method for quantifying turbulent gas exchange. The average volume of
air passing a measuring point is measured in relation to the vertical wind speed, the direction of
movement and the gas concentration or density over a specific measuring interval in order to
record the fluctuations. Studies in which this method was used are, for instance, Spank et al.
(2017) and Hounshell et al. (2023).

GHGs can now also be measured with relatively high precision from space (e.g. Engram et al.
2020; Ai et al. 2022). For example, data from the Copernicus Sentinel-5P satellite, NASA's Orbit-
ing Carbon Observatory (OCO-2), the Chinese space agency's TanSat mission and the Japanese
space agency's Gosat-2 mission can be used (ESA 2020). However, the mixture of gases from dif-
ferent areas of origin makes it difficult to carry out a causal, spatially differentiated analysis. Co-
pernicus-Sentinel-5, for example, is a spectrometer for trace gases in the ultraviolet, visible, near
and short-wave infrared range that achieves a resolution of 7.5 km x 7.5 km (DLR 2024). For the
spatial level of inland waters, this can therefore currently only be properly interpreted for large
lakes.

If in situ data are available for inland waters, they are only representative for the respective lo-
cation, usually a rather small area of water, and the corresponding measurement period. These
data have to be regionalised, i.e. transferred from a type of point information to area-based in-
formation (interpolation and extrapolation). Given the high complexity of GHG release processes
and the high degree of individuality of water bodies, even simple regional analogy methods are
very difficult. The most important step is therefore the transition to statistical analyses and,
above all, statistical models (Chapter 6.2). To ensure this, the following factors in particular
should be taken into account to adequately characterise the boundary conditions, in addition to
recording the measured values and safeguarding against measurement errors:

» Hydrometric characteristics (e.g. water body area, volume, depth ratios, age of reservoirs)
» Hydrological characteristics (discharge, residence time, flow velocity)

» Level of current (or historical) organic and inorganic pollution of the water bodies or from
the catchment area, especially for TOC as well as P and N compounds

» Physical-chemical conditions of the water

» Meteorological conditions

» Special anthropogenic influences: structures, watercourse maintenance regime
» Sediment properties (geological, physical, chemical, biological)

[t is noteworthy that for chlorophyll-a, which indicates the trophic and thus the water body's in-
ternal primary production, as well as for particular organic C or calcium carbonate concentra-
tion measurements, the use of satellites is strongly improving (e.g. Balch et al. 2005; Deemer et
al. 2016; Clay et al. 2019; Hu et al. 2019), which also opens up opportunities for data integration,
at least for larger inland waters.
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6.2 Statistical models

Assessment of statistical models

Statistical models are internationally widely used to quantify GHG emissions. The quality of statis-
tical models is highly dependent on the database that is used for their validation. A broad and rep-
resentative database enables a more accurate identification of relationships between GHG emis-
sions and their influencing factors within specific water body types.

Extrapolations based on statistical models will only be reliable and reasonable if all general water
body types and their characteristic conditions are included into the model. Currently, the available
database does not seem to be appropriate to reliably predict GHG emissions of each water body
type. Thus, estimated global GHG emissions for all inland waters are likely highly uncertain.

Statistical models are used to fundamentally analyse the properties of the measurement data
and to transfer these properties as a method of spatial transfer or regionalisation. Before obtain-
ing the corresponding statistical parameters, however, the measurement data should be checked
for possible errors (inconsistency) and possible regime changes (inhomogeneity) and, if neces-
sary, adjusted, e.g. by removing outliers.

The quality of such models depends crucially on the quality and quantity of measurement and
observation data. The best possible compliance with the requirements for representative data
described in Chapter 6.1 therefore plays a central role.

Due to their ease of use, statistical models are internationally widely used to quantify GHG emis-
sions (e.g. Deemer et al. 2016; Harrison et al. 2017; Aho et al. 2023). Many models are based on
regression relationships with decisive influencing factors as regressors, so-called multiple re-
gression equations (e.g. Karlsson et al. 2021), or other multivariate statistical models (e.g. Prai-
rie et al. 2021). For CH4 emissions from reservoirs, the well-known, empirical Greenhouse Gas
Reservoir Tool (G-res) model according to Prairie et al. (2017) can be used, which enables a rela-
tively simple estimation by considering reservoir-specific data (reservoir morphometry, littoral
areas, and local climate data including air temperature and solar radiation).

The above-mentioned data on the boundary conditions (Chapter 6.1) could also be used to ini-
tially establish a type series: GHG release types of inland waters, e.g. by using multivariate statis-
tical methods such as cluster analyses, among others. Each type would then be adequately char-
acterised and identified by a typical GHG emission behaviour (e.g. mean or median, range of GHG
release per time unit).

Statistical models also include the methodology according to the default method of the Refine-
ment to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC 2019), which
was used by UBA (2023a) for the estimation of German GHG emissions from flowing and stand-
ing artificial waters.

However, there is (of course) a warning against applying derived statistical models to unknown
water body types that have not yet been included in the models without closer scrutiny. For ex-
ample, Chanudet et al. (2020) found that estimation functions for the GHG release of large reser-
voirs cannot be transferred to smaller reservoirs, mainly due to different morphological and hy-
drodynamic characteristics.

6.3 Stochastic models

By applying stochastic methods, random measurement data (in the sense of statistical samples)
are related to probabilities so that probability-describing, stochastic models can be derived.
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Stochastic models can be used to generate artificial time series that predict possible future pro-
cesses and trends. In this respect, values simulated in this way can differ significantly from exist-
ing observations or measurement data in terms of size, temporal sequence, duration and other
process characteristics.

As the meta-analysis shows, the use of stochastic models does not yet appear to play a role in
connection with the release of GHGs from inland waters. One study who dealt with this kind of
model is Beaulieu et al. (2016). This speaks in favour of the still very limited and uncertain data-
base.

6.4 Deterministic models

In contrast, deterministic models as a transfer method are based on known or hypothetical
physical (mathematical), chemical or biological laws. With the same model drive, the same re-
sults are always generated, i.e. there is unambiguity, which fundamentally distinguishes the
models from stochastic models that work with probability distributions. Deterministic models
for GHG release estimation are often based on water quality models including calibration data,
such as Ho et al. (2021).

According to the meta-analysis, this group of models does not yet play a major role in the spa-
tially comprehensive balancing of GHG release. The main reason for this is that input data and
model parameters would have to be available in very high temporal and spatial resolution for
corresponding models, but this will be difficult to achieve.

6.5 Mixed, stochastic-deterministic models

Mixed models, which combine stochastic and deterministic approaches as favourably as possi-
ble, are a fourth group of models. It is assumed that "safe" physical, chemical or even biological
processes can be modelled deterministically, while stochastic model routines are dedicated to
the question of uncertainty or probability. Ho et al. (2021), for example, combine a deterministic
model approach (water quality modelling) with fuzzy model approaches for risk assessment of
GHG production in an urbanized river system.

According to the meta-analysis, this group of models is also not yet of great importance, but its
importance is expected to increase.

6.6 Conclusions

In order to obtain a larger and improved database on GHG release from inland waters in Ger-
many, particularly with regard to accounting approaches, the above-mentioned options should
first be utilised as a two-tiered approach as follows:

Tier 1: Representative measurements of GHG emissions

» Establishment of a measurement programme for GHG monitoring from inland waters that is
representative for a diversity of water bodies and pressures; this should be done for all natu-
ral, artificial and heavily modified inland waters, water body types and across all scales

» Alignment of the measurement programme to all pathways of GHG transfer from water to at-
mosphere

» Due to the great importance of floodplains as C sinks, their inclusion in the monitoring pro-
gramme should also be considered, as reciprocal effects of C transport between rivers and
floodplains are to be expected
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| 2

Recording of key process-triggering and process-controlling factors (boundary conditions),
such as hydrometric, hydrological, physico-chemical and meteorological data, as well as data
on the organic and inorganic load situation

Co-use of types of water bodies and floodplains (water body types according to OGewV, flood-
plain types according to Koenzen 2005) and the associated morphological, hydrological, geo-
logical and pedological conditions

Collection of both GHG measurement data and data on the boundary conditions in a process-
oriented time cycle and over a sufficient period of time in order to minimise meteorological,
hydrological, water management and load-relevant influences on the homogeneity of the data
as far as possible

Tier 2: Statistical analysis and modelling of GHG emissions

| 2

| 2

Use of statistical analysis methods for the measurement data

Including data on the boundary conditions or factors to be influenced for the transfer to statis-
tical models, e.g. multiple regression models

Alternative multivariate statistical methods such as cluster analyses; determination of typical
GHG emission behaviours for different water body types (e.g. mean value or median, range of
GHG release per time unit)

Use of statistical methods to consider the GHG release of river basins
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7 Potential mitigation measures to reduce GHG emissions
of inland waters

7.1 Selection of relevant measure types

Many restoration measures that lead to an improvement of the ecological status of inland waters
also have a high potential for reducing GHG emissions (e.g. Wang et al. 2022b; Kumar et al.
2023a). In this respect, synergies can be utilised here that are necessary in terms of the effi-
ciency and cost-effectiveness of environmental protection measures (e.g. SRU 2020; Albert et al.
2022a, b).

The watercourse network in Germany covers more than 500,000 km; around a quarter of the
watercourses have a catchment area of at least 10 km? and are therefore subject to reporting un-
der the WFD. Of the more than 12,000 lakes in Germany, 738 lakes have a lake surface area of at
least 50 ha and are therefore also subject to WFD reporting requirements (data from Volker et
al. 2022). According to the WFD, there are requirements to achieve good status or good potential
for the water bodies subject to reporting. The following focus on types of measure is based on
the system of key types of measure (KTM) for the WFD and MSFD reporting of the German
Working Group on water issues of the Federal States and the Federal Government. As also done
for the relevant pressure types on the C cycle and GHG emissions (Chapter 5), LAWA (2022) is
used as basis for this chapter. However, the KTMs described here are also summarised or differ-
entiated on a case-by-case basis if this appears appropriate with regard to GHG emissions and
important measures.

A qualitative or even quantitative assessment of the types of measures in terms of their contri-
bution to GHG emission reduction is not possible at this generalised level. However, the potential
reduction effects are very likely to be very effective for functionally suitable and spatially com-
prehensive measures. Consequently, strong synergies between water and nature conservation,
soil protection and climate protection can be achieved.

7.2 Reduction of organic pollution and inorganic nutrient pollution of wa-
ters

7.2.1 Description of the measures and their physical and biogeochemical effects

98 % of German water bodies (water bodies subject to reporting under the WFD) are signifi-
cantly polluted from diffuse sources. Significant point sources of substance inputs are also rele-
vant for 32 % of water bodies (Volker et al. 2022). In addition, there is substance pollution of
groundwater, which also has an indirect effect on surface waters. 42 % of groundwater bodies
experience significant pollutant inputs from diffuse sources, 6 % of water bodies from point
sources (Volker et al. 2022).

The measure type “reduction of organic pollution and inorganic nutrient pollution of water bod-
ies” comprises several KTMs of LAWA (2022):

» Construction or upgrades of wastewater treatment plants

» Advisory services for agriculture (note: with the aim of reducing agricultural emissions, e.g.
as a result of fertilisation)

» Upgrades or improvements of industrial wastewater treatment plants (including farms)
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» Measures to reduce sediment from soil erosion and surface run-off

From a water protection perspective, the KTMs are primarily aimed at improving the oxygen
balance of waters and reducing the consequences of eutrophication for inland, coastal and ma-
rine waters. This is therefore aimed at achieving benefits in terms of improving the ecological
status of water bodies in accordance with the WFD and MSFD.

A reduction of organic pollution and inorganic nutrient pollution of inland waters by means of
the above KTMs represents the primary approach to reducing GHG emissions from waters be-
cause it addresses a major anthropogenic cause of pollution (e.g. Wang et al. 2022b; Kumar et al
2023a).

This means that the supply of organic and inorganic matter for the GHG production in inland wa-
ters has to be reduced, in the best case to a near-natural level. From then on, GHG emissions
would approach natural conditions, whereby the gradual reduction of historical pollution would
generally set the framework for the level and speed of adaptation.

7.2.2 Benefits in terms of GHG emission reduction

Whether as organic material from the catchment area or as a result of primary production
within the water bodies, less organic matter means less C in inland waters. Organic matter that
does not end up in the water bodies would naturally be degraded to CO; elsewhere. In this re-
spect, there is probably no decisive advantage associated with a reduction in organic pollution of
water bodies in terms of CO; release alone, but there is a major advantage with regard to CHa,
which is significantly more harmful to the climate.

Particularly in lentic waters, the input of organic matter also leads to sediment accumulation and
to siltation, primarily in the deep zones as well as in shallow, current-, wave- and wind-pro-
tected bank areas. This accumulation of organic material can therefore also represent perma-
nent C storage, e.g. as a preliminary stage in the development of peatlands (Succow & Joosten
2001).

Concerning N20, unpolluted or only slightly anthropogenically polluted surface waters are ap-
parently often undersaturated with N,O and therefore represent a temporary N0 sink, as Aho et
al. (2023) found for North American inland waters. In their study, they used (a) observational
data from 34 streams, rivers, and lakes monitored by the US National Ecological Observatory
Network and (b) an existing global process-based model of N0 emissions from inland waters. In
this respect, the reduction of water pollution by organic substances and eutrophication-relevant
inorganic nutrients, especially P and N compounds, also leads to a reduction in N0 emissions, as
was shown for instance by Wang et al. (2022b), and possibly even to the recovery of water bod-
ies as a sink for N;0. Based on a meta-analysis of the global literature in the context of N,O emis-
sions, Schodel (2024) concludes that the anthropogenically increased N,O emissions from inland
waters must be reduced primarily through measures to reduce nitrogen emissions from agricul-
ture and warns of a further global increase in these emissions.

7.3 Improving longitudinal continuity

7.3.1 Description of the measures and their physical and biogeochemical effects

Improving longitudinal continuity is a type of measure aimed at improving the continuity of wa-
ter bodies in accordance with Annex V of the WFD. To this end, the pressures are assessed with
regard to the migration possibilities of aquatic fauna and the transport of sediment. Barriers
therefore play a strongly negative role for the ecological conditions of watercourses and their
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floodplains (see Chapter 5.3). There are around 215,000 transverse structures in Germany's wa-
tercourses subject to WFD reporting requirements alone (Volker et al. 2022). These range from
small structures (e.g. bed sills, drops) to large weirs or even dams.

From the perspective of water protection, flood protection and floodplain development, the nu-
merous small run-of-river power plants and the associated barriers in Germany, which are insig-
nificant in terms of energy production, should also be fundamentally called into question (Mehl
et al. 2023b). For the EU, the proposal for a regulation of the European Parliament and the Coun-
cil on the restoration of nature ("Nature Restoration Law", European Commission 2022a) pro-
vides a legal basis for the removal of river barriers so that 25.000 km of free-flowing rivers are
to be re-established in the EU by 2030.

Not only are hydropower plants very critical from an ecological point of view, they also only play
a subordinate role in terms of energy production, are very abundant and often constitute the
only reason for single-purpose barriers in rivers. The release of highly climate-damaging GHGs
should consistently be seen as a trade-off for the supposedly climate-neutral generation of elec-
tricity from hydropower plants (Chapter 5.3).

Measures to only achieve ecological continuity such as fish passes are not appropriate to achieve
areduction of GHG emissions due to altered physical conditions through barriers. Therefore,
only measures that aim to completely or at least significantly reduce the hydrodynamic barrier
effect can be effective in terms of GHG release reduction (Chapter 5.3.1). Consequently, it is es-
sential to at least dismantle the barriers and harmonise the longitudinal and transverse profile
to near-natural conditions. The anthropogenic fragmentation should therefore be adapted in fa-
vour of a near-natural longitudinal gradient. At the same time, such measures are also the most
ecologically favourable, so that high synergies between water protection, nature conservation
and climate protection can be achieved here (EEB 2023, see also e.g. Oetken & Sundermann,
2018; Mehl et al. 2022a, b; Naumann 2022).

7.3.2 Benefits in terms of GHG emission reduction

The improvement of longitudinal continuity can make a decisive contribution to reducing artifi-
cial accumulation areas for organic substances and the associated anoxic conditions in the sedi-
ments. This would shift the GHG releases of CH4 and N0 more into the direction of CO2, which is
less harmful to the climate, even with the same organic load. The more river restoration
measures (see Chapter 7.4) are taken in parallel, the greater this effect is likely to be.

This is confirmed by the examined studies. For example, CHs release rates increase with sedi-
mentation rates in dammed watercourses (Sobek et al. 2012; Maeck et al. 2013; Lorke & Burgis
2018; Marcon et al. 2023), so that, conversely, a reduction in sediment accumulation lowers CH4
release rates. This is also increasingly important because the relevant microbial activity in-
creases strongly (and non-linearly) with rising water temperature (e.g. DelSontro et al. 2016). In
this respect, the general increase in air and water temperatures due to climate change and the
more frequent and longer periods of extreme heat (IPCC 2023) will lead to a further aggravation,
which can be counteracted by improving longitudinal continuity.

7.4 River restoration

7.4.1 Description of the measures and their physical and biogeochemical effects

86 % of German surface water bodies are affected by flow regulation and morphological changes
(Volker et al. 2022), meaning that extensive measures are required. River restoration is included
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in the KTM "Improving hydromorphological conditions of water bodies" according to LAWA
(2022). The following measures in particular are addressed with this type of measure:

» Formation of near-natural longitudinal and transverse profiles including natural pool-riffle
sequences, insofar as this does not already concern measures for improving longitudinal
continuity (Chapter 7.3)

» Near-natural course development, i.e. different degrees of winding, river bifurcations etc.
typical of the rivers

» Input of site-typical bed substrates
» Input or allowance of deadwood

» Supporting self-dynamic structural elements, e.g. pools, islands, longitudinal and transverse
banks

» Near-natural bank formation
» Supporting site-typical riparian vegetation

» Realising near-natural heterogeneous flow conditions

7.4.2 Benefits in terms of GHG emission reduction

Relevant restoration measures lead to an enormously increased atmospheric oxygen input in
comparison to non-naturally restored waters (Schwoerbel 1964, 1967; Uhlmann 1988;
Schonborn 1992). As a result, the decomposition of organic substances through increased oxic
conditions is more likely to produce CO; and the release of CHs and N0 is substantially reduced.

On the other hand, the measures lead to an enormous increase in biologically active areas, so
that the degradation processes of biological self-cleaning are maximised (Spellman & Drinan
2001; Vagnetti et al. 2003). In addition, the deposition of particulate-bound organic substances
in areas characterised by currents is reduced, so that the risk of anoxic sludge deposits is mini-
mised.

In general, a near-natural water body structure strengthens biocomplexity and also leads to
more complex food webs and thus higher incorporation of inorganic and organic nutrients into
the biomass, so that the permanent storage of C is enhanced.

7.5 Reconnecting rivers to floodplains

7.5.1 Description of the measures and their physical and biogeochemical effects

Two thirds of the original floodplains along Germany's major rivers and streams are no longer
available as natural floodplains due to flood protection dikes, but also partly as a result of water-
course development (BMU/BfN 2021). Of the remaining (recent) floodplains, only around 9 %
can be assessed as very or slightly changed in terms of their ecological status (BMU/BfN 2021).
In principle, the conditions in Germany's smaller watercourses are similar: many watercourses
have lost their natural habitat and the remaining watercourses are often not in good ecological
status. However, a systematic assessment and a comprehensive overview are lacking which can
certainly be characterised as a deficit in the assessment requirements of the WFD.

Reconnecting rivers to floodplains, e.g. by allowing flooding in riparian areas to occur again, is
therefore also part of the KTM "Improving hydromorphological conditions of water bodies"
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according to LAWA (2022). The reconnection of the floodplains creates the following physical
and biogeochemical benefits:

» Deposition of organic matter in the floodplains during floods, thus export of organic matter
from the river into the floodplain and consequently accumulation of C in the floodplain soils,
as well as sequestration via mineralisation and the resulting increased supply of inorganic
nutrients in the floodplain vegetation, permanently especially in the woody and forest vege-
tation

» Creation of near-natural groundwater and flooding regimes in the floodplains as a basis for
soils with a high organic content and/or peatlands

» Temporary increase in bioactive areas and spaces for biological self-purification (decompo-
sition of organic substances)

7.5.2 Benefits in terms of GHG emission reduction

Consequently, benefits in terms of GHG emission reduction also arise from this type of measure.
Both C accumulation in the soil and indirect accumulation in the floodplain vegetation promote C
storage that contributes to GHG reduction. In addition, the self-purification capacity is also in-
creased during periods of flooding, so that more CO; is produced and the release of the more cli-
mate-damaging GHGs CH4 and N0 is reduced (Wang et al 2022b).

On the other hand, in floodplains with a high organic content or even peaty floodplains, the in-
crease in groundwater levels and/or flooding offers the possibility of reduced GHG release and
more C sequestration in the soil (Scholz et al. 2012; Mehl et al. 2013; Tiemeyer et al. 2020; UBA
2023a). Inorganic and organic nutrient inputs (in the case of mineralization) also lead to in-
creased biomass formation as part of photosynthesis in the floodplain vegetation, which acts as a
relatively permanent C store in the root zone and in the woody plants. In the case of herbaceous
vegetation and the leaves of trees, however, storage is only temporary (limited to the growing
season).

7.6 Improvements in flow regime and/or establishment of ecological flows

7.6.1 Description of the measures and their physical and biogeochemical effects

The improvement of the flow regime or the creation of ecological flows corresponds to the same
KTM according to LAWA (2022).

Natural hydrological and associated geohydrological and hydrodynamic processes form the ba-
sis of functional geoecological structures and processes in watercourses and their floodplains,
which provide the abiotic framework for the wildlife (Ward 1989; Richter et al. 1997; Thoms
2006). Above all, they are necessary to maintain a self-sustaining biocomplexity in the water-
course systems (Thorp et al. 2006). The re-establishment of natural flow dynamics and variabil-
ity in anthropogenically modified watercourse systems thus form an essential basis for func-
tional biogeochemical processes (Chapter 3) and for the natural aquatic and floodplain flora and
fauna (Merot et al. 2006; Seidel et al. 2017).

Hydrological conditions play a key role in understanding all ecosystems dependent on the hy-
drological regime. The "paradigm of environmental flow" is fundamentally accepted as a refer-
ence, whereby five essential components of the natural run-off regime are emphasised (Poff et
al. 1997): (1) magnitude, (2) frequency, (3) duration, (4) timing and (5) rate of change of hydro-
logical conditions. The hydrological regime therefore also forms a supporting assessment
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approach of the WFD, which in Germany is mapped in particular via a method of the German
Working Group on water issues of the Federal States and the Federal Government (Mehl et al.
2015).

Previous applications of the methodology according to Mehl et al. (2015) at the federal state
level have shown the following results, among others:

» In Saxony-Anhalt, 2 water bodies were classified as very good and 95 as good, while 216
were classified as not good; the main deficits are modifications/utilisation in the catchment
area (pressure group A), morphological alterations (pressure group D) and floodplain altera-
tions (pressure group E) (Mehl et al. 2010; Hoffmann et al. 2010).

» In Mecklenburg-Western Pomerania, 120 watercourse water bodies were classified as good,
but 737 as not good; the main reasons for the ,not good“ classification of the watercourse
water bodies are deficits in pressure groups A (modifications/utilisation in the catchment
area), D (morphological alterations) and E (floodplain alterations) as well as pressures due
to the removal of natural basin drainage areas (pressure group F) (Biota 2014); in contrast,
13 of the lake water bodies in Mecklenburg-Western Pomerania were categorised as very
good, 122 as good and only 61 water bodies as not good (Biota 2014).

» In Baden-Wiirttemberg, only 12 water bodies were classified as good, while 163 were classi-
fied as not good; the main reasons for this are relatively high pressures in pressure groups D
(morphological alterations) and E (floodplain alterations), but also deficits in pressure
groups A (modifications/utilisation in the catchment area) and C (water discharges)
(Schonrock et al. 2021).

» In Saxony, only 42 water bodies could be classified as good, while 516 water bodies were
classified as not good, 12 of which were even classified as bad; in Saxony, too, it is mainly
morphological alterations (pressure group D) and floodplain alterations (pressure group E)
that are the cause, and land use (pressure group A) also has a negative impact on the result
(report in preparation).

Measures to improve the flow regime include in particular:

» Reduction of water abstraction and associated adverse hydrological phenomena, e.g. intensi-
fication of low flows, changes in material transport processes (erosion, transport and accu-
mulation of substances)

» Reduction of anthropogenic rainwater discharges and associated adverse hydrological con-
sequences, e.g. run-off peaks and hydraulic stress in waters

» Imitation of the natural ecological discharge at diversion structures (at dams and other wa-
ter reservoirs)

7.6.2 Benefits in terms of GHG emission reduction

Measures of this type can re-establish the flow regime to more natural conditions or even
achieve them. The fundamental advantage for the reduction of GHG emissions is that, as a rule,
more stable discharge conditions occur and more functional biocoenoses can be maintained.
More stable biocoenoses feature a stronger self-purification capacity with regard to organic pol-
lution and greater incorporation of inorganic and organic nutrients. This is associated with a
temporary or permanent removal of nutrients by the ecosystem, leading to a reduction of GHG
production.

73



TEXTE Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation of their mitigation potential
by restoration measures — A review

In watercourses, a more stable (higher) low-flow can improve the input of atmospheric oxygen,
shifting the biogeochemical conditions for the decomposition of organic matter in favour of the
release of CO;. A higher low water flow would also influence the material transport processes in
the water systems. More organic material could already be degraded in the open water and
would not be deposited in the sediment, reducing the risk of anaerobic conditions in areas with
low flow velocities. This would fundamentally reduce the risk of releasing the particularly cli-
mate-damaging gases CHs and N-O.

7.7 Natural water retention measures

7.7.1 Description of the measures and their physical and biogeochemical effects

Natural water retention measures correspond to the same KTM according to LAWA (2022). Wa-
ter retention measures include in particular those implemented in the hydrological catchment
area, including:

Wetland and peatland restoration measures

Water retention in forests by blocking drainage paths

Removal or limitation of artificial surface drainage measures (drainage, ditch drainage)
Run-off attenuation measures, e.g. interruption of run-off paths by hedges

Technical retention measures in urban areas, e.g. rainwater retention basins

vV v v v v v

Measures to increase local infiltration (thus slowing down run-off through increased base
flow/groundwater flow)

» Development of near natural or artificial retention areas, e.g. by relocating dykes, construct-
ing or establishing flood retention basins or polders

7.7.2 Benefits in terms of GHG emission reduction

Corresponding measures initially also lead to improvements in the flow regime or to the estab-
lishment of ecological flows with the associated benefits in terms of GHG emission reduction
(see Chapter 7.6).

[t is very important that water retention measures also contribute to the retention of organic
substances and inorganic nutrients, which reduces the pressure on inland waters accordingly.
This is particularly evident in the case of wetland and peatland restoration measures, where the
measures can achieve an accumulation and relatively permanent removal of C, N and P (Walton
etal. 2020; Zak et al. 2022; Zou et al. 2022). The retention efficiencies of wetland buffer zones
were estimated to be 43 % for total N and 21 % for total P (Walton et al. 2020).

7.8 Overview of the effectiveness of the measure types

The different types of measures have different levels of effectiveness. They range from always
effective to effective only under specific conditions. All measures that lead to a reduction in di-
rect organic pollution and inorganic nutrient inputs with the associated internal production of
organic matter in waters can be regarded as generally effective in terms of reducing GHG release
from inland waters.

For many of the above-mentioned impacts of anthropogenic pressures on the C cycle and GHG
emissions, it is clear that, due to the significantly higher climate damage compared to CO,
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measures aiming to reduce the release of CH4 and N2O from inland waters should primarily be
focussed on.

In individual cases, however, the relative effectiveness of GHG-reducing measures depends espe-
cially on the following aspects:

» Natural characteristics, in particular geological and pedological conditions (e.g. proportion of
peatlands), gradients, hydrogeological conditions, proportion of standing water bodies, wa-
ter network density (watercourses)

» Size and type of water bodies and floodplains (water body types according to OGewV, flood-
plain types according to Koenzen 2005) and associated morphological, hydrological, geologi-
cal and pedological conditions

» Utilisation-related anthropogenic pollution situation in the hydrological catchment area and
in the water system (organic substances, inorganic nutrients)

» Existing (historical) organic pollution, accumulated in sediments

In general, the scope of the measures and the achievable reduction in relation to the magnitude
of the anthropogenic GHG release from inland waters plays a major role, which can be analysed
by water body stretches/areas or catchment areas.

An orientating assessment of the effectiveness of the types of measures to reduce GHG release

from inland waters as described above is provided in Table 5.

Table 5: Effectiveness of types of measures to reduce GHG release from inland waters

Three-class evaluation based on the meta-analysis (low, moderate, high)

Effectiveness in

Measure types

Reduction of organic pollution and inorganic
nutrient pollution of water bodies

Improving longitudinal continuity

(only measures aimed at completely or at
least significantly reducing the hydrodynamic
barrier effect)

River restoration

Reconnecting rivers to floodplains (C storage
in floodplains, especially in peatlands)

Improvements in flow regime and/or re-es-
tablishment of a functional water balance/hy-
drological regime

Natural water retention measures

Effectiveness in
reducing the re-
lease of CO2
high

low

moderate - high

moderate - high

low

moderate - high
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Effectiveness in
reducing the re-
lease of CHa
high

high

moderate - high

moderate - high

moderate - high

moderate - high

reducing the re-
lease of N2O
high

high

moderate

moderate

low - moderate

moderate - high



8.1 Key findings

The most important messages of this study can be summarised as follows:

| 2

The significance of GHG release (CO,, CH4, N,O) from inland waters is currently not sufficiently
quantifiable but should be considered comparatively high. This is due to their natural function
as a preflood of runoff from land areas, so that large quantities of organic and inorganic sub-
stances are concentrated and biologically processed. On a global scale, Lauerwald et al.
(2023b) estimate the contribution of inland waters to global CH, emissions at around 20 %.
The proportions of CO; and N,O are not yet known.

The meta-analysis revealed that the greatly increased GHG release compared to natural condi-
tions is of anthropogenic origin. A stronger anthropogenic pressure therefore stimulates a
higher GHG production and release.

The primary cause of enhanced GHG emissions is organic pollution of water bodies, which is
often caused by high inorganic nutrient inputs (especially P and N) which stimulate high pri-
mary production. N inputs also increase the probability of increased N,O release. The continu-
ing organic pollution of German inland waters is evident. Inorganic pollution is still very high,
as demonstrated by the results of the national reporting for WFD and MSFD implementation
(Volker et al. 2022).

In artificial waters, the currently altered hydromorphological/hydraulic conditions have a neg-
ative impact on the release of GHGs, particularly CHs and N,O, as demonstrated by the meta-
analysis; in particular, the release is the result of a strong tendency to accumulate organic mat-
ter in the sediment with simultaneous oxygen deficiency.

In natural and heavily modified water bodies as defined by the WFD, the various anthropo-
genic changes to the water bodies and their mostly disconnected floodplains (morphological,
hydrological, etc.) have a pollution-increasing effect, which primarily leads to reduced self-pu-
rification processes (organic pollution), intensifies trophic phenomena and also promotes in-
creased accumulation of organic matter in the sediment with simultaneous oxygen deficien-
cies (see above; this is also confirmed by the meta-analysis). Dams and barriers, which enable
the accumulation of organic matter over long spatial distances due to altered hydraulic condi-
tions, appear to be particularly negative.

If hydropower plants are the single purpose of building dams and barriers, the resulting in-
crease in GHG release reduces their value for electricity generation with low GHG release. This
shows that, from the point of view of water protection, it is not only the ecologically highly
negative consequence of these structures that need to be taken into account (e.g. European
Commission 2022a; EEB 2023), but also the acceptance of increased GHG releases from waters
due to anthropogenic activities needs to be tackled.

The analysis of the types of pollution for anthropogenically increased GHG emissions shows
that there is a considerable overlap with the causes of pressures in the field of water protec-
tion, which is why the pressure type system can be used in particular in connection with WFD
implementation and was also used here to analyse the international studies. Practically all
GHG-related pressures are also pressures that are relevant for water protection (water man-
agement and nature conservation).
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The real extent of GHG release from German inland waters currently appears to be signifi-
cantly underestimated in the national GHG inventory (UBA 2023a). This is supported by the
following gaps in the current report (see Table 414 in UBA 2023a): a) no data and balances on
the release of CO, from all categories of inland waters, b) no data and balances on the release
of the particularly climate-damaging N,O from all categories of inland waters, c) no data and
balances on the release of CH4 from standing and flowing waters, which are of natural origin
(according to the WFD definitions, this includes natural and heavily modified water bodies), d)
no data and balances on the release of CH, from standing and flowing artificial waters which
were constructed less than 20 years ago. However, for artificial waters on organic soils (drain-
age ditches, standing artificial waters), UBA (2023a) offers emission estimates at least for CH,
without an age limit; for peat extraction areas (in the sense of wetlands), UBA (2023a) pro-
vides emission estimates for CO,, CHs and N>O.

According to IPCC (2019), the emission factors used in UBA (2023a) for the sole CH4 release
considered (for water bodies on mineral soils) also only represent global average values and
are subject to large uncertainties (see also Saunois et al. 2020; Rosentreter et al. 2021), which
makes it clear that the current estimation of German GHG release balances for the categories
of standing and flowing artificial waters more than 20 years old should be considered uncer-
tain.

Furthermore, the approach used in UBA (2023a) to determine mean emission factors depend-
ing on the trophic status of the water bodies is pragmatically appropriate (reduction/other
scaling of the default values according to IPCC 2019). The data basis used for this approach (ac-
cording to Hoehn et al. 2009) is undisputedly technically appropriate. However, whether it is
really representative of the diversity of water types and their pollution situation, and whether
it is still sufficiently up-to-date, should at least be critically scrutinised. In any case, the data set
is not representative of small waters in the landscape.

Despite the argument of the current lack of data availability or missing emission factors, the
IPCC's (2019) technical recommendation not to include GHG emissions from natural waters
(initially) in the national GHG inventories for international reporting, which was also followed
by the German report (UBA 2023a), should be critically scrutinised. IPCC (2019) also initially
only includes an "obligation" to assess CHa release apart from water bodies on organic soils.
According to the WFD definitions, water bodies with a natural origin are either natural or
heavily modified. For both categories together, more than 90 % of the German water bodies
do not achieve the "good ecological status" required by the WFD (based on the water bodies
formed; Volker et al. 2022), which indicates significant anthropogenic GHG pollution. A total
area of "only" 89,000 ha of artificial water bodies in Germany (on mineral soils; accounting for
14 % of the total area of inland waters; to a certain extent considered in UBA 2023a) contrasts
with a significantly larger area of 572,083 ha of natural water bodies (data from UBA 2023a),
which were not considered, clearly illustrating the problem.

Overall, there is a considerable lack of knowledge in Germany with regard to the release of
GHGs from inland waters (as well as on a global scale, see Lauerwald et al. 20233, b). Relevant
data are also important for the assessment of complex pressures on water bodies and with re-
gard to synergies of measures (in particular WFD, MSFD, EU restoration law, EU birds and habi-
tats directives), which emphasises the urgency of improving the state of knowledge, as well as
the database.
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8.2 Open research questions

Two central topics are the focus of national and international research needs:

1.

The necessary improvement of the state of knowledge on the most important GHG emissions
from inland waters as an essential part of the analysis, balancing and evaluation of anthropo-
genic GHG pollution as a driver of global climate change.

On the basis of improved knowledge, an appropriate implementation and evaluation of the
GHG issue in connection with the objectives and measures of water protection (water man-
agement and nature conservation).

The following research tasks were identified:

>

There is a great need for action in Germany with regard to a suitable measurement strategy
for the release of GHGs (CH4, N2O and CO3) from inland waters and for the development of
reliable transfer functions for balancing (in the form of emission factors, see also Lauerwald
etal. 20234, b). Schodel (2024) is also in favour of more (permanent) measurement cam-
paigns under very different framework conditions with regard to N»O, which in her opinion
is underestimated in terms of climate policy. Tian et al. (2020) see the need for N,O meas-
urements to improve the quality of existing models through validation.

In this respect, the aim is to obtain sufficient measurement data on GHG release for inland
waters in Germany according to the standards of (1) spatial and temporal representative-
ness, (2) reflection of the diversity of water types and the main parameters influencing GHG
release (morphometry, hydrology, etc.) and (3) coverage of the different pollution situations
(internal and external).

A sampling strategy geared towards representativeness is therefore necessary for all types
of inland waters (flowing waters, lakes, canals, harbour basins, reservoirs, ditches, small wa-
ter bodies/standing waters, etc.) and the corresponding water categories according to the
WFD (natural, heavily modified inland waters), preferably with the help of a profound statis-
tical approach (relevant parameters must be defined in advance, their respective signifi-
cance must also be assessed in advance, see Goldenfum 2010; IPCC 2019).

Important parameters are in particular hydrometric characteristics (e.g. water body area,
volume, depth ratios, age of reservoirs), hydrological characteristics (discharge, residence
time, flow velocity), degree of current (or historical) organic and inorganic pollution of the
water bodies or from the catchment area, in particular for TOC, P and N compounds, physico-
chemical conditions of the water, meteorological conditions, special anthropogenic influ-
ences: Structures, water maintenance regime, sediment properties (geological-soil, physical,
chemical, biological), e.g. in the case of reservoirs also the depth of abstraction and the type
of stratification and circulation.

The measurement procedures/methods for quantifying GHGs should be standardised or, if
necessary, intercalibrated for uniform data and assessments throughout Germany. Measure-
ments should be carried out over a complete annual cycle to increase accuracy, as the dy-
namics of GHG release are highly temperature-sensitive (IPCC 2019); measurements over
several years may even be appropriate under exceptional meteorological /hydrological con-
ditions.

Four pathways in terms of the transfer of GHGs from water bodies to the atmosphere should
be adequately considered: (1) release through upwelling gas bubbles, (2) diffusive gas
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exchange at the water surface, (3) degassing downstream and (4) emission via emersed
macrophytes.

» In the short/medium term, it is necessary to obtain reliable (statistical) transfer functions as
a basis for well-founded estimates (emission factors for appropriate water body types with
regard to key parameters/characteristics and organic and inorganic loads). In the me-
dium/long term, the derivation of deterministic and/or mixed stochastic-deterministic mod-
els can help to improve the transfer approaches.

» Regular comparisons with the default approaches of the IPCC and possibly other internation-
ally recommended approaches are advisable. Conclusions should be drawn for all levels of
application, possibly depending on the scale (tiered approach). Data bases and methods of
the IPCC can be influenced /improved with convincing national results (including corre-
sponding publications).

» Natural climate protection ("Natural Climate Protection Action Programme", BMUV 2023a)
in inland waters and their floodplains is essentially based on water protection measures
(WFD). Nature-based water protection solutions (Albert et al. 2022a, b) are predominantly
also climate protection measures (and in many cases also climate adaptation measures). The
corresponding synergies could be demonstrated and evaluated, also in terms of multiple tar-
get fulfilment and cost-effective implementation (see e.g. Mehl et al. 2023a).

» The greatimportance of GHG release from water bodies and floodplains should also be taken
into account when assessing ecosystem services in terms of the natural retention of GHGs
(Scholz et al. 2012; Mehl et al. 2013, 2020; Podschun et al. 2018a; Mehl 2021; Von Keitz et al.
2022). Existing methods should continuously be developed further as knowledge of the sci-
entific basis increases (Podschun et al. 2018b; Gerner et al. 2023).

» Effect monitoring of implemented measures in accordance with the types of measures under
the WFD/LAWA (2022) with regard to GHG release and an evaluation of effectiveness (e.g.
also taking transport processes into account) is advisable in order to arrive at improved as-
sessment approaches and valid data for public relations work. To this end, it is also advisable
to investigate the interactions of GHG release/binding in water bodies and floodplains (espe-
cially peatlands). This includes the search for correlations and synergies with regard to the C
and nutrient balance between water bodies and recent floodplains, differentiated according
to water body and floodplain types.
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A Appendix: Overview of the studies included in the meta-analysis for the category "Type of pressure"

Table Al: Overview of the studies included in the meta-analysis for all subcategories of category 4 "Type of pressures” (according to the WFD) in al-
phabetical order, together with the respective water body type/floodplain, if applicable, and the type of study. AWB = artificial water body,
HMWSB = heavily modified water body, NWB = natural water body. * denotes studies that are not GHG-related
Reference Point Diffuse Abstrac- Dams, bar- | Hydrological | Morphologi- | Other pres- Historical Water body | Type of study
sources sources tion/flow riers and alteration cal altera- sures pollution or terrestrial
diversion locks tion area type
Aben et al. X AWSB, Review, Con-
(2017) HMWB, ceptional/sta-
NWSB, reser- | tistical, Exper-
voir/dam, imental
river, lake,
stream
Aben et al. X floodplain Experimental
(2022a)
Aben et al. X AWSB, lake, Experimental
(2022b) pond
Ai et al. X AWSB, reser- Review
(2022) voir/dam
Amani et al. X AWSB, reser- In situ
(2022) voir/dam
Ansari et al. X floodplain In situ
(2023)
Audet et al. X AWSB, pond In situ
(2020)
Barros et al. X AWSB, reser- Review
(2011) voir/dam
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Reference

Battin et al.
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(2019)

Beaulieu et
al. (2010)

Beaulieu et
al. (2016)

Beaulieu et
al. (2019)

Bednarik et
al. (2017)

Benjankar et
al. (2018)

Berga (2016)

Best (2019)*

Bhullar et al.
(2013)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

Hydrological
alteration

108

Morphologi-
cal altera-
tion

X

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

HMWB,
NWSB, river

NWSB, river

HMWB,
river, stream

AWSB, reser-
voir/dam

HMWSB, lake

AWSB,
HMWSB,
floodplain

AWSB, reser-
voir/dam,
stream

AWSB, reser-
voir/dam

AWSB,
HMWSB,
NWB, reser-
voir/dam,
river, flood-
plain

wetland

Type of study

Review

Modelling

In situ

Modelling

Modelling

In situ

Modelling

Review

Review

Experimental
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Borges et al.
(2018)

Brauns et al.
(2022)*

Brown et al.
(2018)

Brown et al.
(2023)

Bussmann et
al. (2022)

Chanu et al.
(2022)

Chanudet et
al. (2020)

Chen et al.
(2023)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

109

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

HMWSB, river

HMWB,
river, stream

AWB, NWB,
stream

HMWSB, river

HMWSB, river

AWSB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream, wet-
land, estuary

AWSB, reser-
voir/dam

NWSB, river

Type of study

In situ

In situ

Review, Con-
ceptional/sta-
tistical
Review
In situ

In situ

Review

In situ

Modelling
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Reference

D’Ambrosio
and Harrison
(2021)

D’Ambrosio
and Harrison
(2022)

Deblois et al.
(2023)

Deemer et al.
(2011)

Deemer et al.
(2016)

DelSontro et
al. (2010)

DelSontro et
al. (2018)

Descloux et
al. (2017)

European En-
vironment

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

Hydrological
alteration

110

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWB, NWB,
lake

NWSB, lake

AWSB, reser-
voir/dam

AWSB,
HMWSB, re-
servoir/dam,
lake

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam,
lake

AWB, NWB,
reser-
voir/dam,
lake

AWSB, reser-
voir/dam

Floodplain

Type of study

Review

Review

Guide-
line/proto-
col/report

In situ

Review

In situ

Modelling

In situ

Guide-
line/proto-
col/report
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Reference

Agency
(2018)

Fischler
(2019)

Garack et al.
(2022)

Gattenléhner
et al. (2022)

Gomez-
Gener et al.
(2015)

Gomez-
Gener et al.
(2018)

Grill et al.
(2015)*

Grinham et

al. (2022)

Gruca-Rokosz
(2020)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

Hydrological
alteration

111

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam,
lake

(surface wa-
ters)

Lake,
stream, wet-
land

AWB, NWB,
reser-
voir/dam,
river, stream

AWB, NWB,
reser-
voir/dam,
river

AWSB, reser-
voir/dam,
river

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

Type of study

Review

Review, con-
ceptional/sta-
tistical

Review, con-
ceptional/sta-
tistical

In situ

In situ

Modelling

In situ

In situ
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Reference

Gudmunds-
son et al.
(2021)

Hansen et al.

(2022)

Hansen et al.

(2023)

Hao et al.
(2021)

Harmon
(2020)

Harrison et
al. (2009)*

Harrison et
al. (2017)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

Hydrological
alteration

112

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

River

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam,
river

AWSB, reser-
voir/dam,
river, lake,

wetland

AWSB,
HMWB,
NWSB, reser-
voir/dam,
river, lake,
stream, es-
tuary

AWB, NWB,
reser-
voir/dam,
lake

AWSB, reser-
voir/dam,
river, lake

Type of study

Modelling

Modelling

Concep-
tional/statisti-
cal

In situ

Review, Con-
ceptional/sta-
tistical

Modelling

In situ
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Reference

Harrison et
al. (2021)

He et al.
(2023)

Heger et al.
(2021)*

Ho et al.
(2021)

Ho et al.
(2022)

Holzner
(2023)*

Hounshell et
al. (2023)

International
Hydropower
Association
(2022)

lon and Ene
(2021)

Jacinthe et al.
(2012)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

113

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

Floodplain

HMWSB, river

HMWSB, river

HMWSB, river

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

AWSB,
HMWSB, res-
ervoir/dam,
river, stream

Type of study

Modelling

In situ

In situ

Modelling

In situ

Concep-
tional/statisti-
cal

In situ

Guide-
line/proto-
col/report

Review, Mod-
elling

In situ
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Reference

Jensen et al.
(2022)

Jinetal.
(2016)

Jinetal.
(2023)

Johnson et al.
(2021)

Joyce et al.
(2003)

Karlsson et
al. (2021)

Keller et al.
(2020)

Keller et al.
(2021)

Knott et al.
(2023)*

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

114

Morphologi-
cal altera-
tion

X

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam,
river

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

NWSB, lake,
stream,
pond

AWB, NWB,
reser-
voir/dam,
river, lake,
stream,
floodplain,
wetland

AWSB, reser-
voir/dam

HMWSB, river

Type of study

In situ

In situ

In situ

Review, Mod-
elling

In situ

In situ

In situ

Modelling

In situ
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Reference

Konold
(2023)*

Koschorreck
et al. (2023)

Kumar et al.
(2019)

Kumar et al.
(2021)

Kumar et al.
(2023a)

Kumar et al.
(2023b)

Langenegger
et al. (2019)

Lapierre et al.

(2013)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

115

Morphologi-
cal altera-
tion

X

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

HMWSB,
river,
stream,
floodplain

HMWSB, river

AWB, NWB,
reser-
voir/dam,
lake

AWSB, reser-
voir/dam

NWSB, lake

AWSB, reser-
voir/dam

NWSB, lake

NWSB, river,
lake, wet-
land

Type of study

Concep-
tional/statisti-
cal

In situ

Review

Review

Review, Con-
ceptional/sta-
tistical

Review, Gui-
deline/proto-
col/report

Conceptio-
nal/statistical,
Modelling

In situ
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Reference Point Diffuse Abstrac- Dams, bar- | Hydrological | Morphologi- | Other pres- Historical Water body | Type of study
sources sources tion/flow riers and alteration cal altera- sures pollution or terrestrial
diversion locks tion area type
Lehner et al. X AWSB, reser- Modelling,
(2011)* voir/dam, Concep-
river tional/statisti-
cal
Leén-Pal- X X X AWSB, reser- In situ
mero et al. voir/dam
(2020)
Lessmann et X X AWSB, In situ
al. (2023) HMWSB, res-
ervoir/dam,
river
Levasseur et X AWSB, reser- Concep-
al. (2021) voir/dam, tional/statisti-
river, flood- | cal, Modelling
plain
Li and He X AWSB, reser- Review
(2022) voir/dam
Li et al. X AWB, NWB, Review
(2018) reser-
voir/dam,
lake
Li et al. X X X X AWSB, In situ, Review
(2020) HMWB,
NWB, reser-
voir/dam,
river, lake,
stream, wet-
land
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Reference

Li et al.
(2021)

Lima et al.
(2007)

Lin et al.
(2022)

Liu et al.
(2017)

Liu et al.
(2022a)

Liu et al.
(2022b)

Lorke and
Burgis (2018)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

117

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream

AWSB, reser-
voir/dam

HMWB,
river, flood-
plain, wet-

land

HMWSB, river

AWSB,
HMWB,
river, pond

AWSB, reser-
voir/dam

AWB,
HMWSB, res-
ervoir/dam,

river, lake,
stream

Type of study

Review, Con-
ceptional/sta-
tistical

Review

In situ

Modelling

In situ

In situ, Con-
ceptional/sta-
tistical

In situ
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Reference

Maavara et
al. (2017)*

Maavara et
al. (2020a)*

Maavara et
al. (2020b)*

Machado Dos
Santos Pinto
et al. (2020)

Maeck et al.
(2013)

Maeck et al.
(2014)

Makinen and
Khan (2010)*

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

118

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWB,
HMWSB, res-
ervoir/dam,

river

AWSB,
HMWSB, res-
ervoir/dam,

river

AWB,
HMWSB, res-
ervoir/dam,

river

NWSB, river,
floodplain

AWSB, reser-
voir/dam,
river

AWB,
HMWSB, res-
ervoir/dam,

river

AWSB, reser-
voir/dam

Type of study

Modelling

Modelling

Review

In situ

In situ

In situ

Review, Con-
ceptional/sta-
tistical, Guide-

line/proto-
col/report
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Reference

Marcé et al.
(2019)

Marcon et al.

(2023)

Marotta et al.

(2014)

McCrackin
and Elser
(2011)

McGinnis et
al. (2023)

Mehl et al.
(2023b)*

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

X

Dams, bar-
riers and
locks

X

Hydrological
alteration

119

Morphologi-
cal altera-
tion

X

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream,
pond

AWSB,
HMWSB, res-
ervoir/dam,

river

NWSB, lake

NWSB, lake

AWB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream,
floodplain,
wetland, es-
tuary

AWSB,
HMWB,
river, stream

Type of study

Review

In situ

In situ

In situ

Review

Review, Con-
ceptional/sta-
tistical
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Reference

Mendonca et
al. (2012)

Metzger et
al. (2022)*

Miao et al.
(2020)

Miller et al.
(2017)

Miller et al.
(2019)

Mongil-
Manso et al.
(2019)*

Mulligan et
al. (2021)*

Mwanake et
al. (2023)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

120

Morphologi-
cal altera-
tion

X

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

HMWSB, river

HMWSB, lake

AWSB, reser-
voir/dam,
river

AWSB, reser-
voir/dam,
river, flood-
plain

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

NWB,
stream

Type of study

Review

Review,
Guide-
line/proto-
col/report

In situ

In situ

In situ

In situ

Guide-
line/propro-
tor/report

In situ
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Reference

Naumann
(2022)*

Ni et al.
(2022)

Nilsson and
Berggren
(2000)*

Nilsson et al.
(2005)*

Page et al.
(2021)

Park et al.
(2023)

Peacock et al.
(2019)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

121

Morphologi-
cal altera-
tion

X

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB,
HMWSB, res-
ervoir/dam,
river, stream

AWSB, reser-
voir/dam,
river

AWSB,
HMWSB, res-
ervoir/dam,
river, flood-

plain

AWSB, reser-
voir/dam,
river

HMWSB,
river, lake,
stream

AWB, NWB,
reser-
voir/dam,
river

AWSB, pond

Type of study

Review, Con-
ceptional/sta-
tistical, Guide-

line/proto-
col/report

In situ

Review

Review, Con-
ceptional/sta-
tistical

Concep-
tional/statisti-
cal

In situ

In situ



TEXTE Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation of their mitigation potential by restoration measures — A review

Reference

Peeters et al.
(2019)

Phyoe et al.
(2019)

Prairie et al.
(2018)

Prairie et al.
(2021)

Proia et al.
(2016)*

Pu et al.
(2021)

Ran et al.
(2015)

Ran et al.
(2021)

Ray and Hol-
gerson (2023)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

122

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWB, NWB,
reser-
voir/dam,
lake

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

AWB,
HMWSB, res-
ervoir/dam,

river

HMWSB, river

HMWSB, river

AWB, NWB,
reser-
voir/dam,
river, lake,
stream

AWSB, pond

Type of study

Modelling,
Conceptio-
nal/statistical

Review

Review

Modelling

In situ

In situ

In situ

Review, Con-
ceptional/sta-
tistical

In situ
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Reference Point Diffuse Abstrac- Dams, bar- | Hydrological | Morphologi- | Other pres- Historical Water body | Type of study
sources sources tion/flow riers and alteration cal altera- sures pollution or terrestrial
diversion locks tion area type
Raymond et X AWB, NWB, Review
al. (2013) reser-
voir/dam,
river, lake,
stream
Regnier et al. X X (surface wa- Review
(2013) ters)
Rieger et al. X NWSB, Flood- In situ
(2013)* plain
Rocher-Ros X X X X HMWB, Modelling,
et al. (2023) NWSB, river, Concep-
stream tional/statisti-
cal
Rosentreter X X X X AWSB, Review
et al. (2021) HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream, wet-
land, estuary
Samiotis et X X AWSB, reser- In situ
al. (2018) voir/dam
Santoso et al. X NWB, lake In situ, Model-
(2021) ling
Scherer and X X AWSB, reser- Concep-
Pfister voir/dam tional/statisti-
(2016)* cal, Modelling
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Reference

Schiller et al.
(2016)*

Schulz et al.
(2023)

Seidel et al.
(2017)*

Shi et al.
(2020)*

Shi et al.
(2023)

Silverthorn et
al. (2023)

Sobek et al.
(2012)

Song et al.
(2018)

Soued et al.
(2021)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

124

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWB, NWB,
reser-
voir/dam,
river

HMWSB, river

HMWSB,
river, flood-
plain

AWSB, reser-
voir/dam,
river, flood-
plain

AWSB, reser-
voir/dam,
river

AWSB, reser-
voir/dam,
river

AWSB, reser-
voir/dam,
lake

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

Type of study

In situ

In situ

Guide-
line/proto-
col/report

In situ

In situ

Review

In situ

Review

In situ
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Reference

Spank et al.
(2017)

St. Louis et al.
(2000)

Sun et al.
(2021)

Teodoru et
al. (2015)

Thieme et al.
(2020)*

Thieme et al.
(2021)*

Tiemeyer et
al. (2020)

Tranvik et al.
(2009)

Tremblay and
Bastien
(2009)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

125

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

NWSB, lake

AWSB,
HMWSB, res-
ervoir/dam,

river

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam,
river

(soils)

AWSB,
HMWSB, re-
servoir/dam,
lake

AWB, NWB,
reser-
voir/dam,
river, lake,
stream

Type of study

In situ
Review, Mod-
elling

In situ

In situ

Review

Concep-
tional/statisti-
cal

Modelling

Review

In situ
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Reference

Umweltbun-
desamt
(2023)

Upadhyay et
al. (2023)

Vachon et al.
(2019)

Valiente et al.
(2022)

Van Bergen
et al. (2019)

Van Cappel-
len et al.
(2016)*

Van Drecht et
al. (2009)*

Vicente
(2021)

Villa et al.
(2020)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

126

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream,
ditch

HMWSB,
NWSB, river

NWSB, lake

AWB, NWB,
lake, wet-
land

AWSB, pond

AWSB,
HMWSB, res-
ervoir/dam,

river

(surface wa-
ters)

NWB, wet-
land

HMWSB, river

Type of study

Modelling,
Guide-
line/proto-
col/report

Review
In situ, Model-
ling
In situ, Model-
ling

In situ

Review

Modelling

Review

In situ
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Reference

Vuta et al.
(2023)

Walton et al.

(2020)*

Wang et al.
(2019)

Wang et al.
(2020)

Wang et al.
(2021)

Wang et al.
(2022a)

Wang et al.
(2022b)

Wang et al.
(2023a)

Wang et al.
(2023b)*

Webb et al.
(2019)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

127

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

NWSB, river,
stream,,
floodplain,
wetland

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam,
river, flood-
plain

NWSB, river,
lake

AWSB,
HMWSB, res-
ervoir/dam,

river

HMWSB,
stream

HMWSB,
river, lake

AWSB, reser-
voir/dam

AWSB, pond

Type of study

In situ

Review, Con-
ceptional/sta-
tistical

Modelling

In situ

In situ

Review

In situ

In situ

In situ

In situ
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Reference

Wilkinson et
al. (2019)

Wilson et al.
(2016)

Wissen-
schaftliche
Dienste des
Bundestages
(2022)

Wohl et al.
(2017)

Wu et al.
(2023)

Xiao et al.
(2021)

Xiaocheng et
al. (2008)*

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

128

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWB,
HMWSB, res-
ervoir/dam,

river

(surface wa-
ters)

AWSB, reser-
voir/dam,
river

HMWSB,
river, flood-
plain

AWSB,
HMWSB,
river, ditch

AWB,
HMWSB, res-
ervoir/dam,

river, lake,
stream,
pond, ditch

HMWSB, river

Type of study

In situ

Review, Con-
ceptional/sta-
tistical, Guide-

line/proto-
col/report

Review

Concep-
tional/statisti-
cal, Modelling

In situ

In situ

In situ



TEXTE Climate-relevant greenhouse gas emissions of inland waters in Germany and estimation of their mitigation potential by restoration measures — A review

Reference

Yan et al.
(2021)

Yan et al.
(2022)

Yang et al.
(2014)

Yang et al.
(2018)

Yao et al.
(2022a)

Yao et al.
(2022b)*

Zak et al.
(2022)*

Zhang et al.
(2021)

Zhang et al.
(2022)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

129

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

AWSB, reser-
voir/dam

HMWSB, river

AWSB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake

AWSB, reser-
voir/dam

HMWB, wet-
land

HMWSB,
NWSB, river

AWSB, reser-
voir/dam,
river

Type of study

Review

Modelling

Review

In situ

Modelling

Review

Review

In situ

In situ
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Reference

Zheng et al.

(2022)

Zhou et al.
(2023)

Zou et al.
(2022)

Point
sources

Diffuse
sources

Abstrac-
tion/flow
diversion

Dams, bar-
riers and
locks

X

Hydrological
alteration

130

Morphologi-
cal altera-
tion

Other pres-
sures

Historical
pollution

Water body
or terrestrial
area type

AWB,
HMWSB,
NWSB, reser-
voir/dam,
river, lake,
stream, es-
tuary

AWSB, reser-
voir/dam,
river, lake

HMWB, wet-
land

Type of study

Review

In situ

Concep-
tional/statisti-
cal
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