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General Introduction

River networks cover a small fraction of Earth’s surface (0.8%) and contain around 0.01% of the world’s
water. However, they harbour disproportionate levels of biodiversity, supporting 10% of all described
species. They contribute substantially to global biogeochemical cycles, releasing greenhouse gasses
into the atmosphere and transporting carbon and nutrients from continents to oceans. River networks
also supply clean water for humans, and other ecosystem services (ES) such as flooding regulation,
nutrient retention, or food provisioning. Despite their remarkable importance, growing evidence
suggests the number of streams and rivers drying due to climate change is increasing. In addition, rivers
and streams that naturally do not flow all year round represent a large fraction of flowing waters.
However, how drying of River Networks affects the provision of ES at local and regional scales is still in
its infancy.

This report presents a first part which develops a conceptual model of ecosystem service provisioning
in Drying River Networks (DRN) and a second part with a modelling exercise estimating the provision



of a selection of key ES in the 6 DRNs of the project. The selection of ES incorporates Water
provisioning, Flood regulation, Erosion Regulation, Drought Mitigation, Thermal regulation and Carbon
emissions. Moreover, the modelling exercise provides a benchmark to assess and quantify how
catchment and river network ecosystem service provisioning might be affected by climate change.

More specifically, in the first part the conceptual model integrates ecological, hydrological and
landscape components to capture the dynamic nature of ES provisioning across catchments and river
networks. It considers factors such as hydrological regimes, sediment and organic matter transport,
and biotic interactions that influence a wide variety of ecosystem functions. By incorporating these
factors, the model enables a comprehensive evaluation of the direct and indirect contributions of
specific landscape components to ES provision.

In the second part, a modelling exercise for each DRYVER case study is presented to demonstrate the
practical application of the conceptual model for the above selection of 6 ESs. The modelling approach
uses spatial data from each local DRN to assess the current provision of ESs, identify key drivers of
change and key environmental factors. Moreover, the results illustrate the potential for restoration or
conservation actions within each DRN. These results could inform participatory processes for the
design of adaptation pathways through implementation of Nature Based Solutions for climate change
resilience.

The titles of each part of this deliverable are:
Part 1. Conceptual model for ecosystem services provision in Drying River Networks

Part 2. Ecosystem services provision under drying conditions and its application at the focal DRN level

Keywords
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Management, Benchmark Ecosystem Service Provision, Conservation, Restoration, Adaptation
Pathways
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Abstract

The first part of this deliverable is divided into three main blocks. The first one presents preliminary
concepts related to the ecosystem services (ES) framework. This is intended to lay a solid foundation
of principles and terminology that will be used throughout the document. The second part presents
the main physical and ecological dynamics that structure the ES provision in river networks and their
catchments. This section is divided in two sections, each of which refers to spatial and temporal
dynamics, respectively. Finally, the third block focuses on outlining the methodological basis that will
be used for modelling ES in DRyVER and presenting the conceptual model for the ES provision in river
networks. In the first section, we set out the general conceptual and digital framework used for ES
modelling. In the second section, we conceptualise and integrate each ES into the framework described
in the previous section, describing the main variables and spatio-temporal dynamics that control the
provision of each ES. In the third section, we present the conceptual model of ES provision in river
networks and their catchments. This model responds to the challenges of considering not only
temporal dynamics, but also the multiple interactions between catchment processes and the river
network ones.

Keywords

Ecosystem service models, Catchment and river network interaction, Integrated catchment
Management, Ecosystem service trade-offs, Landscape components
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General framework to ecosystem services
characterization

The ecosystem service (ES) paradigm encompasses the direct and indirect benefits that people obtain
from natural capital (Potschin & Haines-Young, 2011). Currently, this framework is used by a wide
range of stakeholders from multiple disciplines, including scientists, economists, policy makers and
land managers, which often leads to some ambiguities in the use of its early concepts and definitions
(Lamarque et al., 2011). This should not only be seen as a factor that makes it difficult to compare
different projects, policy contexts, time and space, but may also reduce the potential for applying the
ES framework to specific issues (Fisher et al., 2009). The DRYVER project aims at characterizing and
valuing a set of ES, so an appropriate conceptualization should be provided to reduce ambiguity and
to reach a common ground of discussion. ES characterization imply understanding some questions
such as what ES are, where and how they are provided, by whom they are used or how they could be
enhanced or eroded. This requires a clear and precise understanding of the foundations that support
the ES framework (Fisher et al., 2009; Syrbe & Walz, 2012).

This section sets out the conceptual basis and definitions that are essential to cover the successive
tasks of the project related to ES. First, we set out the rationalization behind the ES cascade model as
the framework that supports the definition of ES used in DRyVER, as well as to identify the biophysical
agents involved in its provision. In the subsequent section, we refer to the spatial and temporal
dynamics necessary to understand how the provision of ES is shaped by the environment in which they
are provided, as well as how ES relate to each other. Finally, we present the ES classification system
used in this report to name, define and group the different ES considered in the report.

Ecosystem services cascade model

According to Potschin & Haines-Young, (2011), the idea of a “service cascade” can be used to
summarize much of the logic that underlies the contemporary ES paradigm and key elements of its
conceptual basis (Fig. 1). This cascade model shows how biophysical structures and ecological
processes support ecosystem functions whose outputs are transferred as services that are defined and
valued socio-economically. Specifically, biological components are involved in a large number of
physicochemical cycles and biological interactions that occur within and across ecosystem boundaries,
providing different ecological processes and functions simultaneously, such as productivity or recycling
nutrients (Manning et al., 2018). In more detail, each ecological function has its origin in the biophysical
interaction between the biological components at their different levels of organization (e.g.
populations, communities or food webs) and the physical processes that control the multiple abiotic
flows circulating through the landscape (e.g., flows of water, energy or matter; Kremen & Ostfeld,
2005). At the landscape level, humans get benefit from ecosystem functions in the form of a wide
range of ES when the biophysical interaction occurs at the spatial scale required by the specific process
(Kfovakova et al., 2015; Laca, 2021; Schirpke et al., 2020; Syrbe & Walz, 2012). For example, vegetation
provides regulating ES such as flood mitigation or erosion protection by retaining part of the water and
sediment flows in areas that drain into the river network. Similarly, provisioning ES follow the same
rationalization. For example, in the pasture production ES, nutrient, water and radiation flows are used
by plant organisms in defined (or undefined) socio-ecological spatial units (Schirpke et al., 2020) to
generate aerial biomass that can be used for nutritional purposes.

The ES cascade model therefore attempts to capture the prevailing view that there is something of a
‘production chain’ linking ecological and biophysical structures and processes on the one hand and




elements of human well-being on the other, and that there is potentially a series of intermediate stages
between them. According to Potschin & Haines-Young, (2011), this framework should also help
framing a number of important questions about the relationships between people and nature,
including: (1) whether there are critical levels, or stocks, of natural capital needed to sustain the flow
of ecosystem services; (2) whether that capital can be restored once damaged; (3) what the limits to
the supply of ES are in different situations; and (4) how we value the contributions that ES make to
human well-being.

What limits
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{e.g. woodland What values,
habitat or net Fonetion O economic, social,
e ; ‘, ’, (e.g. slow ® moral or aesthetic?
- 2 passage of Service
— a8 ot == S
protection, or
Can natural horvestoble (e.g. contribution to °
capital be products) aspects of well-being Value
such os health and (e.g. willingness to pay
safety) for woodland
| protection or for more
woodland, or
U ] harvestable products)

Figure 1. The ES cascade model initially proposed in Haines-Young and Potschin (2010) modified to separate benefits and
values in De Groot et al. (2010). Unmodified figure obtained from Potschin & Haines-Young (2011).

Intermediate and final ecosystem services

One of the most widely and currently used definition of ES is the one provided by Fisher et al., (2009)
which defines them as: “the aspects of ecosystems utilized (actively or passively) to produce human
well-being”. According to this definition ES:

1) must be ecological phenomena (although some authors also include some landforms and
other physical structures that appear naturally in the landscape; e.g. Keesstra et al., 2018).

2) do not necessarily have to be directly utilized by society, but it is essential that there is a
benefit for society. In this sense, the functions, biophysical structures and processes become
services if there are humans that benefit from them. Without human beneficiaries, they are
not services.

In this sense, the different biological components of the ecosystem could be thought of as an ES
because they provide the platform from which ecological processes and subsequent ecosystem
functions occur. How much of an ecosystem process rate or which is the state of an ecosystem
component required to provide an array of ES in a given environmental setting is still a pending
research question (Kremen & Ostfeld, 2005; Turner et al., 1998). Clearly, some minimum level of an
ecosystem structure (e.g., a density of a key specie or a given ecological process rate) is required for
‘healthy’ functioning and ES provision. This ecosystem structure has value in the sense that its prior
existence and maintenance is necessary for ES provision, and is therefore a service in itself (Turner et
al., 1998). This does not mean that ecosystem structure, function, and ES are identical or synonymous.

“PIYVvEl
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Ecosystem structure and function have been identified and studied for years, with no reference to ES
provisioning to humans. So, while most ecosystem structures and processes do provide ES they are
not the same thing. Following this basis, ES are usually classified in final and intermediate ES depending
on the benefit provided to society (Fig. 2). Final ES, also known as Final Ecosystem Goods and Services
(FEGS; Nahlik et al., 2012; Saarikoski et al., 2015), benefit people explicitly and can be accounted for in
biophysical or monetary terms through measures such as fisheries output per season (provisioning ES)
or number of lake visitors per year (cultural ES). In contrast, intermediate ES are often described as
those ES with little or no direct benefits to people and consist of the biophysical structures and
processes that maintain ecosystems in a favorable state for the provision of final ES (corresponding
roughly to the regulating and supporting ES categories; [MEA] Millennium Ecosystem Assessment,
2005).

Intermediate Services Final Services Benefits
o cleah water ———drinking water;
pollination fovision domestic use water

primary

productivie sto otection —[—* property protection;
waler decreased livelihood
regulation vulnerability

soil formation

tant stream [~ recreation; water for
flow irrigation; water for
hydroelectric power

Typically require other
forms of capital to
realize these benefits,
e.g. hydro-power will
require some built
capital to harness the
energy.

Figure 2. Conceptual diagram showing relationships between intermediate and final services. Joint products (benefits) can
stem from individual services. Intermediate services can stem from complex interactions between ecosystem structure and
processes and lead to final services, which in combination with other forms of capital provide human welfare benefits.
Unmodified figure obtained from Fisher et al. (2009).

Consequently, this definition presents contradictions with the service cascade model: “not only
ecosystem functions can produce an ES, but also the processes, functions and structure of the
ecosystem can derive a service to the extent that they are consumed or used directly or indirectly by
humanity”. However, Saarikoski et al. (2015) provided a link between the intermediate ES concept and
the ES cascade conceptual framework. Following Saarikoski et al. (2015), intermediate ES are
ecosystem structures, processes, and functions that support final ES provision given a particular social
context. The intermediate ES term can then be seen to supersede ambiguity over the term ecosystem
function and carry a clearer meaning in policy and management contexts to convey the important (yet
indirect) contributions of ecosystem functions to human well-being. In an ecosystem-planning context,
the intermediate ES with key contributions to final ES can then be identified, prioritized, and
communicated to the public according to their level of importance for contributing to final ES.

b \
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Spatial and temporal dynamics of ecosystem services

ES are usually provided within process-related landscape units such as watersheds, specific habitats,
or natural units (i.e. functional units sensu Kfovakova et al., 2015; Laca, 2021). An advantage of the ES
approach is that it shows the conditions under which nature creates benefits. However, the areas that
provide ES might differ from those areas in which society benefits from these services. In this sense,
we can differentiate three types of areas in the landscape in relation to the ES flows (Fig. 3; Syrbe &
Walz, 2012):

e Service-providing areas (SPA): spatial units that are the sources of ES in a given landscape.
Areas where the biophysical interaction lead by ecosystems occur to generate the ES.

e Service-connecting areas (SCA): spatial units connecting providing areas with benefiting areas
in a given landscape.

e Service-benefiting areas (SBA): spatial units where the benefits from ES are
required/consumed in a given landscape. Locations where ES are delivered to society.

SPA

Figure 3. Conceptual diagram showing possible spatial relationships between service providing area (SPA) and service
benefiting area (SBA; according to Fisher et al., 2009). On the upper left ‘in situ’ situation: SPA and SBA are identical, i.e. the
service is provided and benefits realized in the same area. On the upper right ‘omni directional’ situation: SBA extends SPA
without any directional bias. On the lower left ‘directional’ — slope dependent situation: SBA lies downslope (downstream)
from SPA, i.e. the service is realized by gravitational processes (cold air, water, avalanche, landslide). On the lower right
‘directional’ — without strong slope dependence situation: SBA lies ‘behind’ the SPA relating to higher-ranking directional
effects. Adapted figure obtained from Syrbe & Walz (2012).

On the other hand, the ES provided by a given biological component may also fluctuate over time (Rau
etal., 2018). Sometimes this variation is due to changes in abiotic and biotic fluxes within the functional
unit that impact on the service-generating biophysical interaction (e.g. during the winter period, lower
incident radiation leads to reductions in plant productivity and thus in pasture provisioning ES). On
other occasions, the change in ES provision is determined by changes in demand (e.g. increased
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demand for water provision during the summer months in tourist areas where the population is
concentrated during holiday periods). Finally, in certain ES there is a time lag between the generation
of the ES and its final delivery. This occurs more frequently in ES with a directional spatial relationship
between the SPA and SBA areas. For example, in the drought risk mitigation ES, aquifer recharge occurs
during the rainy season, but its benefit is mostly generated during drought periods.

Relationships between ecosystem services

Recent research explores the spatial patterns of provision of multiple ES across landscapes, focusing
on spatial overlap among ES provisioning as evidence of win-win opportunities for conservation of
multiple ES and biodiversity (e.g. Chan et al., 2006; Egoh et al., 2008; Naidoo et al., 2008; Nelson et al.,
2009). The results of these studies show there are important relationships among ES, even if the
authors have not explicitly been looking for such. That is, some ES often appear together on the
landscape while others seem to cancel each other. These relationships among ES are mainly caused by
two mechanisms (Bennett et al., 2009). On one hand, multiple ES respond to the same driver (e.g. land
uses, precipitation, etc.). Consequently, changes in a specific driver may lead to simultaneous changes
(but not necessarily in the same direction) in the provision of some ES related to this driver. For
example, increasing fertilizer use to improve crop production can have a significant negative effect on
local provision of clean water in addition to the intended effect of increasing crop yields. On the other
hand, interactions among ES themselves may cause direct or indirect changes in one ES to alter the
provision of another. For example, afforestation enhances carbon sequestration, but the process of
tree growth increases evapotranspiration, decreasing water availability (Pérez-Silos et al., 2021). In this
sense, relationships of ES pairs can be categorized into the following three situations:

e Synergies: situations in which both ES either increase or decrease. For example, a synergistic
relationship exists among erosion protection and flood risk mitigation ES. The roots of forest
vegetation increase soil consistency, reducing sediment production, while increasing
infiltration and reducing runoff that favors flood events (Pérez-Silos et al., 2021).

e Trade-offs: situations in which one ES increases and another one decreases. For example,
water quality and agricultural production are a well-known trade-off due to differing responses
to the addition of nutrients to the agricultural landscape (Carpenter et al., 1998).

e No-effect: situations in which there is no interaction or no influence between two ES. For
example, the presence of a riparian forest buffer has positive effects on the thermal regulation
of rivers, with negligible negative effects on the production of adjacent agricultural fields
(Pérez-Silos, 2021; Pérez-Silos et al., 2019).

These relationships between ES often follow non-linear trajectories that vary according to spatial and
temporal scale (Lee & Lautenbach, 2016; Lindborg et al., 2017). For example, the ability of floodplains
to store surface water provides a flood risk mitigation service during the wet season (specifically,
during flood events). In turn, floodplain inundation causes timely damage to the pasture provision ES
provided by grasslands in these areas (i.e. trade-off relationship). However, at larger temporal scales,
the relationship between both ES is synergistic. Firstly, the use of the provisioning ES and the activation
of the flood regulation ES do not usually coincide in time. In addition, floods periodically fertilize these
floodplain fields, increasing their productivity in the medium and long term. In conclusion, the
relationships that emerge between different ES leads to the emergence of areas in the landscape with
similar ensembles of ES that repeatedly appear together across space or time. Such ensembles, known
as ES bundles (Raudsepp-Hearne et al., 2010), are a direct consequence of synergies and tradeoffs, and
constitute unique providers of multiple ES, reflecting relevant socio-ecological subsystems.
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Classification of ecosystem services

Within this project we will use the Common International Classification of Ecosystem Services (CICES;
Haines-Young & Potschin, 2013) because it is a widespread an accepted classification scheme (MAES;
European Commission, 2014). One of CICES’ advantages is that it contains a nested hierarchical
structure (Haines-Young and Potschin, 2013). The highest level of CICES, the “Section”, distinguishes
between provisioning, regulating and cultural ES. The next hierarchical levels are “Division”, “Group”,
and “Class”. The analysis of this study was mainly based on the “Class” level of CICES. However, our
tasks will usually require a more specific framework to make explicit some of the relationships between
the ES and the ecosystem component that generates it. In these cases, we will scale down the “Class”
level to a greater detail, generating a more concise definition of each ES.

Challenges in the characterization of ecosystem
services in river networks: spatio-temporal dynamics

Rivers are complex dendritic ecosystems. At catchment scale, the predominantly unidirectional flow
of water, as well as the gravitational gradient, drive a continuous exchange of matter, energy and
organisms between the terrestrial ecosystems and the river network across a wide variety of landforms
(Bracken & Croke, 2007; Petersen, 1999; Tonkin et al., 2018). This intimate connection between fluvial
and terrestrial ecosystems makes the fluvial ecosystem strongly subjected to the dynamics occurring
in the terrestrial domain. Moreover, the relative isolation of rivers, their small size in comparison to
the terrestrial area around them, their unidirectional and dendritic linear features, and their stochastic
nature not only exacerbate their vulnerability (Perkins et al., 2010) but also help to connect the spatial
flows that occur along the river network (Cid et al., 2021). Therefore, fluvial ecosystems are impacted
by multiple human activities on the catchment, that modify both biotic and abiotic flows; such as land
use changes, water abstractions, topographical alterations, hydraulic infrastructures, the introduction
of invasive species or the effects of climate change (Dudgeon, 2019). These disturbances have the
potential to produce strong effects on the river ecosystem components, functions and services
(Barquin et al., 2015).

Furthermore, rivers are temporally dynamic ecosystems as discharge can vary greatly over time. Flow
regime affects biotic interactions and lifecycles (Poff et al., 1997), biogeochemical cycles (Vazquez et
al.,, 2015), physical properties of the channel (Bridge, 1993) and connectivity of the network and
adjacent landforms (Garbin et al., 2019), so it is a key determinant for the provision of river ES (Jorda-
Capdevila & Rodriguez-Labajos, 2015). This is particularly relevant in drying river networks (DRNs),
where part of the network runs dry for a given time. DRNs are characterized by the presence of river
reaches which have, at least, a dry phase (i.e. when surface water is absent) of variable duration and
spatial extent in its annual cycle. In this sense, the alternation between the dry and wet periods
occurring within a year and the duration, timing, frequency and magnitude of the drying events are
extremely important controls on fluvial biodiversity and ecosystem processes all throughout the river
network (Thibault Datry et al., 2018).

In this sense, research on the provision and valuation of ES in rivers has focused almost solely on
perennial rivers and streams; in stark contrast, ES and their values in DRNs have been largely
overlooked (Boulton, 2014). In the last decades, ecological knowledge of DRNs has grown greatly and
scientists have a better understanding on the ubiquity and diversity of DRNs. However, how they
interact with the terrestrial and groundwater ecosystems to determine the variability of DRN processes
and patterns is still unresolved. Current riverine ecosystem models present limitations at considering
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the influence of flow intermittence on their predictions about, for example, organic matter dynamics
or aquatic assemblage composition (Thibault Datry et al., 2018). Consequently, new frameworks and
approaches are necessary to reach an effective assessment and understanding of the spatio-temporal
ES dynamics in these complex ecosystems.

In the following subsections we expose the general spatio-temporal dynamics that drive the ES
provision in river networks. Firstly, we discuss how the spatial configuration of the catchment, as well
as the relationships between its different ecosystems, determine the biophysical interactions involved
in the ES provision. Secondly, we focus on how temporal dynamics affect these interactions by
changing the hydrological conditions of the catchment and, consequently, the flow of the river
network. In this sense, understanding and modelling patterns of ES provision in river networks will
depend to a large extent on the ability to integrate the dynamics outlined below. For simplicity, this
conceptual development is made considering a pristine catchment in which ecosystem processes and
flows are not altered by human activities. Considering how human activities across the landscape
change ES spatio-temporal dynamics are beyond the scope of this deliverable.

River networks and ecosystem services: spatial dynamics

As mentioned in the previous sections, the main factors governing biophysical structures (e.g. channel
morphology and substrate composition), biodiversity (e.g. microbes, invertebrates, fish, plants) and
ecological processes (e.g. nutrient cycling, organic matter decomposition) in river networks are those
controlling ES provision and transfer rates. Consequently, the ability of biological components to
provide the different types of ES depends not only on their intrinsic features such as biodiversity or
ecological conditions (Grizzetti et al.,, 2019), but also on its extension and location in the
land/riverscape (Lamb, 2018). This is particularly relevant at a catchment scale, in which the relative
position of each reach in the river network determines much of the dominant physico-chemical
processes and, thus, the ES that can be potentially provided by the associated biological components
(Tomscha et al., 2017). Indeed, biophysical patterns in river networks are driven by a hierarchy that
controls processes from the scale of whole catchments to the scale of individual stream reaches
(Townsend, 1996). Whereas climate, geology, and topography influence the catchment form and
dynamics at the scale of the whole river catchment, slope, flood frequency, and substrate type better
explain geomorphic and hydrologic processes within individual stream and river segments. In essence,
the physical template of the catchment is configured by predictable patterns in geomorphology and
hydrology, shaping highly structured river networks that change systematically from headwaters to
mouth (Naiman et al., 2010; Rinaldo et al., 1993; Fig. 4).

In most natural rivers, flow and channel size increase downstream in relation to the size and flow of
tributaries joining the main channel. The most basic geomorphic processes in catchments are the
transportation and deposition of erosion, which also vary in relative importance along river networks.
Erosive processes dominate in headwater regions. These areas are characterized by steeply sloping
reaches, whose channel shape is largely bedrock-controlled and strongly influenced by local geology
(Stanford & Ward, 1993). Moreover, precipitation is usually a strong driver of in-channel flow (Tooth
and Nanson, 2011). Transportation dominates in the mid-reaches, whereas deposition processes
dominate where the river gradient decreases and water flow is slower. Alluvial sediments and
groundwater exchanges are prevalent in these regions (Stanford & Ward, 1993). This generic
longitudinal pattern controls multiple eco-hydrological phenomena occurring in the river network:
from sediment dynamics and landforms distribution (Wohl et al., 2015), to hydrological connectivity
(Boulton et al., 2017), carbon flows (Battin et al., 2009), or even the structure and composition of
stream communities (Vannote et al., 1980). The spatial variability of the different types of reaches
along the river network establishes a hierarchy for the different ES potentially provided by fluvial
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ecosystems depending on factors such as drainage area, river valley confinement or riparian zone
extent. For example, ES that regulate sediment and surface water inputs to the river network would
tend to be more important in the headwaters than in the downstream reaches (Pérez-Silos, 2021).

A catchment hierarchy acknowledges that environmental features at a given location along the river
network typically reflect both local and upstream conditions (Boulton et al., 2017). In this sense,
scientific understanding of how biodiversity, ecosystem processes, and ES are organized spatially
across the landscape has progressed considerably with the emergence of meta-ecosystem theory
(Gounand et al., 2018). This framework acknowledges the connection of different ecosystems across
the landscape by means of biotic and abiotic flows. At a catchment scale, the predominantly
unidirectional flow of water, as well as the gravitational gradient, drive a continuous exchange of
matter, energy and organisms between the terrestrial ecosystems and the river network across a wide
variety of landforms (Bracken & Croke, 2007; Cid et al., 2021; Petersen, 1999; Tonkin et al., 2018).
Consequently, the hydrological connectivity between both terrestrial and fluvial ecosystems varies
along the longitudinal hydro-geomorphological pattern outlined above (Fig. 4). While in headwaters
the flows from terrestrial ecosystems to the river network are practically unidirectional, lateral and
vertical connectivity increases in the opposite direction downstream as depositional morphologies
emerge and floods become more important (Boulton et al., 2017). The river network behaves, mainly,
as a receiver of the spatial flows generated in the catchment (but see in Bultman et al., 2014; Gratton
& Vander Zanden, 2009; Helfield & Naiman, 2006), so its physical structuring dynamics and processes
will be determined to a large extent by this intimate connection to the terrestrial matrix (e.g. Sponseller
et al., 2013).
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Figure 4. Plan (A) and transverse (B) views of geomorphological zones and their longitudinal and lateral hydrological
connectivity (black arrows; thickness represents relative magnitudes of flow; broken line indicates minimal flow) in an
idealized single-thread river network. In lowland and floodout zones of losing intermittent rivers and ephemeral streams
(IRES), transmission losses of surface water (e.g., infiltration and recharge) are often greater represented by the large down-
pointing arrows to the right. Unmodified figure obtained from Boulton et al. (2017).

Furthermore, river networks constrain the exchange of matter and organisms at larger spatial scales
due to their dendritic topology, their temporary fragmentation by drying and the predominantly
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unidirectional flow of water (Cid et al., 2021; Tonkin et al., 2018). Consequently, in river networks both
local (i.e. niche selection and biotic interactions within a river reach) and regional (i.e. dispersal of
organisms and spatial flows of material and energy not only across the river network but also from the
landscape matrix) mechanisms interact to shape the spatial and temporal organization of populations
and communities, and drive ecosystem processes and ES (Cid et al., 2021).

ES are usually provided in functional units (Kfovakova et al., 2015; Laca, 2021). However, as exposed
earlier, the areas that provide ES might differ from those that benefit from these ES. In river networks,
these spatial dynamics are particularly relevant at a catchment scale, where abiotic flows of energy,
matter and water involved in the generation of ES are mediated by terrestrial and riparian ecosystems
before reaching the river network (Fig. 5). For example, fluvial ecosystems have traditionally been
considered as important water providers. However, few studies explicitly recognize that the water
provisioning ES is primarily generated in the catchment and eventually transferred to the river
network, where the transaction of benefit occurs. Incorrect identification of these ES flows can lead to
poor assessment of the role of the different ecosystems involved in them and lead to ineffective
solutions for ES improvement (Schroter et al., 2018). In fact, some of the ES delivered along the river
network, such as hydrological regulation, are mainly provided by the terrestrial ecosystems allocated
in specific areas of the catchment (Breuer et al., 2013). In those cases, the river network acts mostly
as a linker (i.e. service-connecting area; SCA) between the SPA and SBA, so biological components of
the fluvial ecosystems may not have much relevance to the modification of the service. However,
fragmentation may ultimately impact ES provision by altering spatial flows along the river network (e.g.
by dam construction or drying; respectively, Kundu et al., 2021 and Datry et al., 2018). For other ES,
river networks operate simultaneously as SPA and SBA (but also as SCA if the SPA does not spatially
coincide with the demand area). Although these ES are generated by biophysical structures of the
fluvial ecosystem itself, some of the involved ecological processes and functions may be regulated to
a greater or lesser extent by other processes and functions provided by riparian and/or terrestrial
ecosystems. For example, carbon sequestration (and carbon emissions) or the chemical condition of
freshwaters are ES directly linked to the activity of river organisms, and consequently derived from the
structure of the river biotic communities. However, both are also controlled by other functions
provided by riparian and catchment forests such as thermal buffering or hydrological processes
(Bernhardt et al., 2022; Masese et al., 2017).
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Figure 5. The conceptual diagram proposed by Gounand et al., (2018) shows the importance of the flows of matter and energy
that connect different ecosystems (i.e. meta-ecosystems). At the scale of the river network, fluvial ecosystems mostly receive
resource flows from terrestrial ecosystems of the catchment. These flows affect biodiversity and ecosystem processes, which
themselves affect global cycles in different ways. Human populations benefit from ecosystem services provided by the
landscape, and human actions conducted at the landscape scale modulate biodiversity and ecosystem functioning, and
ultimately biogeochemical cycles,which in turn induce the services. Unmodified figure obtained from Gounand et al. (2018).

Flow intermittence and ecosystem services: temporal dynamics

Rivers are temporally dynamic ecosystems under the control of flow variations over time (i.e. the flow
regime). In DRNs, which predominate on Earth (Messager et al., 2021), there is a dynamic cycle of three
main hydrological phases: flowing, non-flowing (i.e. pools) and dry conditions (Datry et al., 2014). Over
time, such cycles generate spatial patterns of flow intermittence (% of the time without water), drying
duration, frequency and timing, which have been shown to strongly determine biodiversity and
ecosystem functioning patterns in river networks (Crabot et al.,, 2020; Gauthier et al., 2020).
Consequently, the duration, frequency and shift among the different hydrological phases are essential
to understand the provision of ES in DRNs (Datry et al., 2018).

The three hydrological phases in DRNs respond to interactions between the multiple components of
flow regime (magnitude, frequency, duration, timing, and rate of change of flow) and fluvial
geomorphology (e.g., channel and floodplain shape, size, gradient, sediment composition, and location
along the network; Costigan et al., 2017). Both are ultimately driven by climatic conditions such as
timing and amounts of precipitation and evaporation, but also by hydrogeological features governing
gains and losses of groundwater along the channel, tectonic activity (e.g., fault lines, volcanism),
underlying lithology-geology (Graf & Lecce, 1988; Tooth & Nanson, 2011) and land cover. Land uses
and human activities have also a high impact in wetting-drying phases (Costigan et al., 2016). All these
factors modify temporally the hydrological connectivity along longitudinal, lateral, and vertical
dimensions in different ways depending on the specific position in the catchment and the type of
geomorphological structures present in the landscapes that river networks drain (Boulton et al., 2017).
For example, during a flooding phase the water transfer channels between hill slopes, riparian zones
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and river reaches in the network are dominated by direct runoff and surface-subsurface routes, while
during the dry phase these pathways lose their dominant role and it is the river that contributes more
water to the alluvial aquifer of the floodplain through vertical water movements through the hyporheic
zone (Boulton et al., 1998).

From a meta-ecosystem perspective, flow intermittence adds a temporal variability component that
has two main effects on the dynamics of ES provision. Firstly, flow intermittence governs many changes
in the structure and composition of river biological communities (Boulton, 2003; Datry et al., 2014)
and, consequently, affects many of the ecological functions occurring at the river reach scale (Crabot
et al., 2020; Vazquez et al., 2015). According to the “cascade model” (Potschin & Haines-Young, 2011),
this association between biodiversity, ecological functions and intermittence has major implications
for the provision of ES. Secondly, flow intermittence also modifies, or may even interrupt, the transfer
of water-borne ES from SPAs to SBAs by disrupting hydrological connectivity along surface channels,
laterally across the riparian zone and floodplain and vertically along groundwater flow paths (Datry et
al., 2018). In this sense, the interaction between the spatial arrangements and temporal sequences of
hydrological phases likely governs the diversity and rates of ES at a single river reach, complementing
the perspective of DRN as “punctuated biogeochemical reactors” (Larned et al., 2010) for ecological
functions and ES such as organic matter cycling, sediments or water transfer. Finally, the spatial pattern
of network drying has also been hypothesized by some authors (Datry et al., 2018) as the main driver
in the distribution of SPAs, SBAs and SCAs at a catchment scale. Consequently, different suites of ES
may exist depending on the spatial arrangement of perennial and non-perennial reaches in the
network (Fig. 6). For example, Datry et al. (2018) have hypothesized that, as the SPAs of most
regulating ES might predominate in headwaters, river networks with non-perennial headwaters would
have a lower provision of these ES than other river networks with perennial headwaters but which dry
out in their lower reaches.
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Figure 6. Different idealized spatial configurations of drying events in river networks. Dotted lines represent intermittent
sections. The flow of sediments and gross primary production is also hypothesized along the river network depending on the

type of drying configuration to show how the spatial arrangements of intermittence would alter ecological processes and its
resultant ecosystem services. Partially adapted from Datry et al. (2016).

Conceptual model for ES provision in river networks

The main objectives of this section are (i) to outline the methodological basis that will be used for
modelling ES in DRyVER and (ii) to expose the conceptual model for the ES provision in river networks
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(initially restricted to the ES being considered in DRyVER). In the first section, we set out the general
conceptual and digital framework on which we base ES modelling. In the second section, we
conceptualize and integrate each ES into the framework whilst showing some preliminary results to
facilitate understanding of the modelling approach. Finally, in the third section, we present the
conceptual model of ES provision in river networks. This conceptual model builds on some of the
developments made during the two preceding steps.

Spatio-temporal framework for modelling and conceptualizing ES
provision

Modelling the provision of ES in river networks requires a geospatial framework capable of
simultaneously considering: (i) the interactions between the different terrestrial and aquatic
ecosystems, and (ii) the spatial and temporal patterns of abiotic flows in the river network and the
wider landscape. In this sense, the framework developed by Pérez-Silos, (2021), which integrates the
basis of meta-ecosystem theory (Gounand et al., 2018) in the ES assessment framework proposed by
Fisher et al., (2009) and Syrbe & Walz, (2012), has been shown to be able to consider such functional
connections (i.e. based on abiotic flows) between terrestrial and river ecosystems. DRyVER could
therefore capitalise on these advances to model the spatial dynamics of ES by incorporating the
temporal factor that determines the drying and wetting patterns of the river network.

The approach developed by Pérez-Silos, (2021) considers spatial interaction between abiotic flows and
some habitats in the catchment, as well as how this interaction produces benefits (i.e. ES) in areas
demanded by society (i.e. SBA). Specifically, meta-ecosystem theory allows conceptualizing how
material, water and thermal energy flows are driven by physical forces (e.g. water potential, gravity
and radiance) that link the habitat patches in the catchment, from the upper slopes to the lower parts
of the river network. These abiotic flows are modified by biological communities as they cross different
patches of the landscape matrix (i.e. biophysical interaction), changing the input/output balance of
resources/energy (i.e. biological function) according to the type of biological community and its
location in the catchment and river network. In this sense, every biological function is produced by the
biophysical interaction between the physical process that drive the abiotic flow and the habitats
present within a functional unit (Kfovakova et al., 2015). As defined in the initial block of the document,
functional units account for the spatial scale required by each biophysical interaction to potentially
generate an ES. The regulation of these flows and the provision of derived resources that occurs in
SPAs (i.e. source of ES) could potentially produce a benefit in society, as long as they are properly
connected along the river network to the SBAs (i.e. areas of social demand for the ES generated).

According to the framework proposed by Petersen, (1999), four types of functional units, with specific
hydrological functions and ecological potential within the catchment, are essential to determine the
abiotic flows occurring in the river catchment. These are: drainage wings, riparian buffers, floodplains,
and river reaches (Fig. 7.a). They constitute landforms not only able to incorporate the biotic-abiotic
interactions at the required functional scale but also the required connectivity between different
ecosystems. From a conceptual perspective, this spatial segregation makes it possible to trace the
potential ES flow between the biological function generated in the terrestrial or fluvial environment
(i.e. SPA) and the final ES delivered in the river network (i.e. SBA). From a modelling perspective,
functional units also allow us to (i) simulate the connections between different biological components
and/or landforms of the landscape, and (ii) aggregate the processes modelled from small spatial scales
(e.g. a 1 m? pixel) into a spatial unit with full landscape functional meaning (Fig. 8). Consequently, in
our digital framework each river reach is gravity-hydrologically connected to the terrestrial
environment through these functional units, as well as, to the rest of the river network (Benda et al.,
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2007). While drainage wings connect unidirectionally slopes with riparian buffers and floodplains by
means of different pathways (i.e. surface flow, subsurface flow and percolation), riparian buffers and
floodplains are the ecotone between the terrestrial domain and the river reaches (bidirectional lateral
through surface and subsurface flow, and vertical connectivity through hyporheic flow). Finally, river
reaches are also bidirectionally connected to each other up or downstream (Fig. 7.a). Although most
of the sediment, water and materials move downstream, we need to also consider upstream
movements carried out by river organisms. River organisms movement along the river network (e.g.
upstream dispersal) might alter and adds variability to the direction of the preferential downstream
physical flow of mater and energy (Tonkin et al., 2018).

As mentioned above, water flow triggers and drives most of the abiotic and biotic flows in the
catchment, which are therefore subject to temporal variations. Changes in catchment hydrological
connectivity and river flow, especially in DRNs, lead to alterations in ecosystem connectivity and ES
dynamics. In this sense, some authors have even proposed to distinguish among six hydrological
phases to understand how ES are organized across DRNs in response to drying and rewetting patterns
(Kaletova et al., 2021). However, it has not been demonstrated yet that 6 phases explain better ES
provision than the traditional 2 or 3 phases. Furthermore, identifying, mapping and modeling 3
hydrological phases (e.g. flowing, non-flowing and dry) still represents a major challenge for river
science (Allen et al., 2020; Datry et al., 2016; Leigh et al., 2016). Moreover, integrating non-flowing
and/or dry phases into current monitoring approaches is to date too complex for river managers, from
both hydrological and biological perspectives (Fritz et al., 2018; Magand et al.,, 2020; Rachel
Stubbington et al., 2018). This is why drying is generally not integrated into water management plans
and water legislations. Therefore, we argue that producing a conceptual model of ES provision in DRN
based on the main 3 hydrological phases (i.e. flowing, non-flowing or pool and dry phases) will already
be a major step forward for river scientists and managers.

a) Functional units and their hydrological connectivity along the river network
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Each one of these three hydrological phases not only affect longitudinal connectivity up and
downstream of the river network, but also impact lateral connectivity with the terrestrial environment
(i.e. riparian buffer and floodplains) and vertical connectivity with the hyporheic environment (i.e.
groundwater stored in floodplains and drainage wings). Consequently, the functional units proposed
above allow us to characterize the different responses of the catchment and river network to the
factors that determine the temporal variability of hydrological connectivity as well as the derived
processes associated with the considered ES (e.g., sediment and nutrient dynamics). The abiotic flows
of each type of functional units could be independently modified (i.e. changes in directionality and
pathways of the abiotic flows; Fig. 7.b) for each of the three aquatic phases considered in DRyVER for
the DRNs. Furthermore, the specific features within the functional units, as well as how they are
distributed in the catchment, could be used for determining the particular spatial configuration of
drying events at a DRN scale (Boulton et al., 2017; Fig. 7.b).
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Conceptualizing the ecosystem services considered in DRyVER

Six ES were selected in DRYVER for modelling: water provisioning, flood regulation, drought regulation,
erosion regulation, thermal regulation and carbon emissions. This selection was performed following
a series of sequential steps which involved case study representatives. This is further described in Part
2 of this deliverable (see Regulatory Ecosystem Services section) and omitted in here for simplicity. In
this sense, we select three ES directly related to WP1 (water provisioning, flood protection and drought
risk mitigation), a regulatory function which is critical for instream processes modelled under WP3 (i.e.
thermal regulation), other one directly related to WP3 (in-stream carbon sequestration). In relation to
this later ES, rivers store carbon in riparian areas and floodplains, sediments, and dead wood while in-
stream biomass is usually heterotrophic and emits CO, to the atmosphere. Flowing waters in DRYVER
DRNs were always oversaturated with CO;, and were carbon emitters to the atmosphere. Due to this,
the in-stream carbon sequestration ES was reconceptualized and quantified as carbon emission
regulation. Finally, we also included erosion regulation to further illustrate the role of terrestrial-
aquatic interactions on ecosystem service provisioning on DRNs.

The following subsections conceptualize each of the ES considered in the project. In this way, their
spatio-temporal dynamics are described in order to integrate them into the conceptual model
proposed in section 3.3. In addition, the main variables involved in the provision of each ES are
included, which will therefore be considered in the subsequent modeling process. In each sub-section
we adopted the following structure:

a. First paragraph: we briefly describe the ES.

Second paragraph: we articulate the main physical processes involved in the functions related
to the ES.

c. Third paragraph (and fourth paragraph in the case of carbon emission regulation): we describe
the biological components, including their respective biophysical interactions that are mainly
involved in the ES provision.

d. Fourth paragraph (fifth and sixth paragraphs in the case of carbon emission regulation): we
discuss the spatio-temporal dynamics for the ES provision.

e. Last paragraph: we summarize the spatial relationships for the ES provision (SPA, SCA and SBA,;
as well as potential interactions with other ES).

Hydrological related ES

This group of ES includes those related to the hydrological response of the catchment: flood risk
mitigation, drought risk mitigation and water provisioning. As defined by Park et al., (2011), we
consider hydrological response as the water migration in the catchment from higher to lower hydraulic
potential after a precipitation event and/or snow melting. In this sense, the path of water through the
different biophysical components of the catchment determines the spatio-temporal patterns of flood
and drought events in the river network. Furthermore, drying limits the amount of water available for
human consumption and, consequently, it is closely linked to the quantitative component of the water
provisioning ES.

The climatic pattern (precipitation and temperature) is the main factor controlling water inflows into
the basin. However, the hydrological response of the catchment also depends on the hydrologic
connectivity (Bracken, 2013), which it is intrinsically controlled by topo-geologic, edaphological,
pedology and biologic factors (Graf & Lecce, 1988; Tooth & Nanson, 2011). These factors determine
the pathways and ratios at which water entering the catchment is ultimately transferred to the river
network and, as such as, the probability of flooding in the event of intense or sustained precipitation,
or resilience to periods of little or no precipitation (Bracken, 2013). In this sense, flood generation is
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inherently linked to runoff mechanisms, while drought prevention is linked to the proportion of rainfall
that can be stored in a river catchment and, subsequently, contribute to surface water flow over time
(De Groot et al., 2002; Roy Haines-Young et al., 2012). In a context of low regulatory capacity, rainfall
water drains rapidly from drainage wings to water bodies through surface flow. This increases the
provision of water to river reaches in short term (e.g. hours or few days), but also the flood risk in case
intense precipitation events. Furthermore, this usually reduces the provision of water during the dry
season (Martinez-Retureta et al., 2020). On the contrary, the storage mechanisms of a catchment (e.g.
aquifers, ponds, wetlands, snow-covered areas or mature forests) generate flows in periods where
rainfall decreases (Mcnamara et al., 2011). Then, the existence of a close link between the regulation
of the hydrological response ES and the water provisioning ES becomes obvious. Therefore, both ES
depend on the storage mechanisms of the catchment, also determined by key hydrological factors
such edaphological characteristics, relief and land cover (Bracken, 2013).

Biological components, and specifically the vegetal part of the ecosystems, are closely related to water
resources quantity and its spatio-temporal distribution. Vegetation determines the water flow
between the soil and the atmosphere through processes like interception, evapotranspiration, surface
runoff, and subsurface flows. In this context, empirical evidence shows how forest improves the
infiltration capacity of surface soils (Bruijnzeel, 2004; lIstedt et al., 2007) and water retention (El Kateb
et al.,, 2013), reducing runoff and slowing down the hydrological response of the watershed.
Particularly, some studies demonstrate catchments with more than 30% mature forest have higher
hydrological stability (i.e. lower peak flows and higher base flows; Belmar et al., 2018). As such, we will
consider that mature forests could be the main ecosystem provider of the hydrological related ES
considered in DRyVER (Fig. 9). Other relevant ecosystem component involved in the regulation of
hydrological flows is the floodplain. In this regard, the lateral connection between the river and its
floodplain reduce floods naturally, moderating peak flows by allowing overflow, and a way to slow
down the flood wave which mitigates the risk of flooding downstream (Jacobson et al., 2015; Vis et al.,
2001; Fig. 9). In this sense, vegetation, but specially riparian and floodplain forests, increases floodplain
roughness, what plays a very important role for water storage during floods and for the reduction of
flow peak travel time (Dadson et al., 2017; Thomas & Nisbet, 2006). Functional floodplains also support
alluvial recharge during flood-postflood events, which delays the drying phase of the river network
during a period of drought. By reducing flow velocity in the flooded area, the residence time of water
in the floodplain increases, favoring infiltration rates and, consequently, aquifer recharge (Opperman
et al., 2010; Petersen, 1999; Fig. 9).

The potential spatial pattern (independent of vegetation distribution) of provision of these ES depends
primarily on the structure of the catchment and the river network. The response time to any
precipitation event is primarily driven by geomorphological factors such as network length, network
geology and slope gradient (Bracken & Croke, 2007; Ponce & Hawkins, 1996). In this sense, the
headwaters are the areas of the catchment that accumulate a large part of the precipitation generated
within the catchment, which together with steeper slopes and less infiltration due to the existence of
harder materials and finer soils makes them one of the main areas for the potential provision of flood
and drought regulation ES (Boulton et al., 2017). Similarly, in the valley bottoms of the intermediate
sections of the river network, geomorphological structures more related to transport and
sedimentation processes, such as floodplains and alluvial aquifers, are preferentially found (Naiman et
al., 2010). As discussed above, these areas of the basin will also play a key role as a biophysical matrix
supporting ES of flood prevention, drought regulation and, consequently, water provision. On the
other hand, the infiltration capacity of a catchment varies temporally depending on the precipitation
pattern and its influence on soil moisture content. For example, in highly saturated soils following
continuous precipitation events, which triggers Hewlettian flow that favors runoff and (Hewlett &
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Hibbert, 1967), on which the ES related to the ability of water retention by vegetation may be highly
limited (Dadson et al., 2017).

Consequently, hydrological regulation ES are generated by terrestrial ecosystems in drainage wings
and floodplains. Especially mature forest and floodplains influence the flow regime, and will therefore
determine to a greater or lesser extent the drying and wetting pattern (i.e. hydrological phases) of the
river network. In this case, the river network acts mostly as a linker (SCA) between the SPA and SBA,
so biological components of the fluvial ecosystems may not have much relevance to the modification
of the service (Fig. 9). However, fragmentation may ultimately impact ES provision by altering spatial
flows along the river network (e.g. by dam or weir construction, water deviation or channelization; Cid
etal., 2021).

Ecosystem Service: Hydrological cycle and water flow regulation
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Figure 9. Schematic outline of the meta-ecosystem approach proposed for the characterization of the hydrological related
ecosystem services.

Erosion regulation ES

Soil erosion is a process consisting of three main phases: an initial detachment of individual or mass of
the soil particles from the soil, a subsequent transportation by erosion agents such as wind, water or
simply gravity, and a final deposition of sediments into land depressions or delivery to water bodies
(Hudson, 1964). The erosion regulation ES contemplates the mitigation of the three previous processes
by means of two interrelated processes. On the one hand, the erosion regulation at source prevents
soil loss and avoids the generation of sediment that can be transported (i.e. erosion regulation ES at
source). On the other hand, the erosion filtering process, which retains part of the particles once the
transport flow has started and reduces the amount of sediment that is finally delivered to the river
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network (i.e. erosion transport and filtering ES). In this context, sediment concentration peaks in the
river networks affect significantly river ecosystems (Bilotta & Brazier, 2008). During low flows,
suspended solids makes water bodies more turbid and make it more difficult for light to penetrate the
water column (Davies-Coelley & Smith, 2001). In addition, suspended solids have the potential of
clogging the gills of aquatic organisms and covering the stream bottom that can lead to the suffocation
of fish eggs and benthic macro invertebrates as well as impacting biofilm composition and functioning
(Wood & Armitage, 1997). Furthermore, pesticides, some metals and other pollutants and nutrients
(e.g. phosphates) may also cling to suspended sediments in water and increase the concentration of
the contaminants and toxins. In high flows, high sediment concentration combined with high water
flow velocity will lead to erosion and reset of benthic communities, affecting the rest of the food chain
in the ecosystem (Ryan, 1991). Therefore, soil erosion also significantly influences the chemical and
physical state of water, being also a process that affects the water quality ES (Keeler et al., 2012).

Sediment detachment is not exclusively the result of raindrop impacts (Hudson, 1964), but has also an
origin on the overland water flow as an erosive agent (Romkens et al., 2002). Both factors generate a
shear stress to the soil surface: if the soil cohesive strength is exceed it leads to sediment detachment
which can take various forms such as shallow or deep landslides, gullies, surface erosion and bankfull
erosion in case of erosive action of the river on its own channel (Dietrich & Dunne, 1978; Merritt et al.,
2003; however, the in-channel erosion has not been considered in DRyVER). In humid and semi-arid
environments such as those in DRyVER, sediment detachment is often driven by slope steepness and
slope convergence (Dietrich & Dunne, 1978). Sediment flow on the drainage wings is highly correlated
with runoff routes and is directed primarily by slope (Maetens et al., 2012). If not previously retained
by any biophysical structure (e.g. a depression or wetland) sediment flow is finally connected to the
river network through the riparian zone.

At short timescales (10%-10° years), vegetation is an important agent for stabilizing steep regolith-
mantled slopes (i.e. erodible material). Vegetation reinforces the regolith with roots (Gabet & Dunne,
2002; Montgomery et al., 2000) and, to a smaller extent, it modifies soil moisture and subsurface
hydrology through transpiration, canopy interception, redistribution of rain water, and development
of preferential flow paths via live and dead root systems (Gonzalez-Ollauri & Mickovski, 2017; Hwang
et al., 2015). Consequently, vegetation acts as an ES provider by preventing soil erosion in drainage
wings and therefore mitigating the impact that results from the combination of the erosive power of
precipitation and the biophysical conditions of a given area (Fig. 10). From an ecological point of view,
more complex and mature vegetation cover contributes to greater protection of the soil (Borrelli et
al., 2017). In fact, woody cover stabilizes soil surface and impedes soil movement, producing lower
soil-losses in comparison to other vegetation covers (El Kateb et al., 2013; Genet et al., 2010; Marden,
2012; Wang et al., 2014). Furthermore, vegetation cover also plays a fundamental role in favoring
sedimentation and, therefore, filtering sediment flows from uplands. In the catchment context, this ES
of sediment filtering becomes even more important in riparian zones. In these areas, sediment is
transferred from the drainage wings to the river network. The riparian area normally presents a break
in the slope of the slopes, being a flatter area that favors sedimentation (Naiman & Decamps, 1997).
The existence of vegetation cover would further increase the rate of sediment filtration before
reaching the fluvial network (Fig. 10). According to some studies, riparian zone cover by dense tree
vegetation was >75% effective in trapping sediment in agricultural areas (Lind et al., 2019) and 53% to
96% in piedmont areas (Lowrance et al., 1997; White et al., 2007). However, this effectiveness may be
reduced in intense precipitation events that concentrate flow in rills and small drainage channels
(rather than producing a more diffuse flow; Bereswill et al., 2013). Finally, the roots of the riparian
vegetation also help to stabilize the bank of the channel, reducing channel incision and bank erosion,
as well as sediment input to the river (Bigelow et al., 2012).
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The control that precipitation and slope exert on the physical process of erosion, as well as their
relationship with runoff, causes headwater areas to be the priority in the potential provision of the
erosion regulation ES at source (Pérez-Silos, 2021). The transport of sediments from these areas to
secondary tributaries often occurs through temporary channels that are activated during precipitation
events (Datry et al., 2018). In both cases, the riparian areas connecting such a network structure mainly
provide the potential erosion filtering ES. The temporal pattern is therefore highly decisive in the
provision of erosion regulation ES. For the most part, these ES are activated during periods of
precipitation that can trigger mechanical breaks and soil erosion. During the drying phases of the
network, the absence of runoff and significant flows in the river network causes a loss of importance
of these ES (Datry et al., 2018).

Consequently, although erosion regulation ES is generated in the drainage wings and riparian buffers,
its benefit in terms of improved water quality is delivered along the river network (Fig. 10). As well as
hydrological regulation ES, the river network acts as a linker (i.e. SCA) between the SPA and SBA, so
biological components of the fluvial ecosystems may not have much relevance to the modification of
the service. However, fragmentation may ultimately impact ES provision by altering spatial flows of
the suspended solids along the river network (e.g. by dam-weir construction or embankments; Chen
et al., 2010; Piton & Recking, 2016).
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Water temperature regulation ES

River water temperature is controlled by dynamic energy (heat) and hydrological fluxes at the air-water
and water-riverbed interfaces (Hannah et al., 2008). Rivers are hierarchical systems (Montgomery,
1999) and therefore for a specific point on a river, water column temperature is determined initially
by the mix of water source contributions (surface/shallow subsurface flows, groundwater, snow melt,
etc.) and subsequently the energy gained or lost across the water surface and riverbed interfaces as
the river flows downstream (Hannah & Garner, 2015). In this sense, the thermal regulation ES
contemplates the buffering of both energy transfer processes within the river network: the direct
exchange with incident solar radiation, as well as the indirect transfer from the water flows that drains
to the river network. In this context, temperature regulates nearly all bio-chemical processes and
affects therefore ecological processes, basic organism physiological rates, and stream community
composition. The influence of stream temperature is apparent at all levels of biological organization,

i \




28

from individuals to ecosystems, and across trophic levels from primary producers (e.g.
Gudmundsdottir et al., 2011), to secondary consumers (e.g. Hawkins et al., 1997), to top instream
consumers (e.g., Lyons, 1996). Consequently, water temperature is an important physical property of
rivers, being also an important component of the water quality ES (Keeler et al., 2012; Ozaki et al.,
2003).

Heat transfer within river systems is complex, occurring through a combination of radiation,
conduction, convection and advection (Webb, 1996). These energy exchanges add and remove heat
to and from the river. Inputs may occur by incident short-wave (solar) and longwave (downward
atmospheric) radiation, condensation, friction at the channel bed and banks, and chemical and
biological processes. Losses may include reflection of solar radiation, emission of longwave (back)
radiation and evaporation. In addition to these exchanges, energy may be advected by in/out-flowing
channel discharge, hyporheic exchange, groundwater up/down-welling, tributary inflows and
precipitation. In this sense, river temperature controls are multivariate and nested at macro-, meso-
and micro-scales (Webb, 1996). According to the conceptual model proposed by Hannah & Garner,
(2015), the factors that control temperature dynamics in rivers are organized in the following way.
Climate drives the thermal regime in rivers and is thus the first-order control on regional patterns in
the magnitude and timing of seasonal dynamics (Garner et al., 2014; Ward, 1985). Basin-wide
characteristics are second-order controls; water sources, topography, geography and land use land
cover may moderate the influence of climate and thus modify the timing and magnitude of
subseasonal water temperature dynamics. Reach-specific controls, which interact with the water
column as it moves through the catchment, such as topographic and riparian shading, hyporheic
exchanges and localized groundwater contributions, may further moderate the influence of climate on
water temperature dynamics. At this scale, stream flow also influences the heating capacity (volume
of water) and/or cooling through mixing of water from different sources including streambed heat
exchanges (Van Vliet et al., 2011).

Land cover is located at the atmosphere-soil-water interface and thus plays a key role in energy flux
exchanges between these systems at meso and micro scales. On the one hand, the removal of
vegetation could warm shallow aquifers in the catchment by increasing the downward heat flux from
the warming land surface (Kurylyk et al., 2015). Decreased surface shading and albedo increase net
radiation, leading to direct surface and subsurface heating of drainage wings (Lewis, 1998; Yoshikawa
et al., 2003). In addition, the removal of tree canopy can decrease transpiration and thus increase the
energy available to warm the land surface (Lewis & Wang, 1998; Rouse, 1976). Consequently, the
temperature regulation ES provided by vegetation in drainage wings to shallow groundwater and
subsurface flow is particularly important for the thermal regimes of groundwater-dominated streams
and rivers (Fig. 11). In fact, some studies have observed an increase of about 2 2C in long-term mean
annual groundwater temperature in response to deforestation (Kurylyk et al., 2015; Lewis, 1998). On
the other hand, the direct shade provided by the vegetation of the riparian area to the river channel
has a buffering effect on regulating stream temperatures. The removal of vegetation decreases shade,
which increases solar radiation levels and consequently stream temperatures (Trimmel et al., 2018;
Fig. 11). Additionally, as discussed in sect. 3.2.2, the removal of riparian vegetation can result in bank
erosion. This can lead to changes in channel geometry towards a wider and shallower stream channel,
all of which also increase water temperatures (Coates et al., 2005). In particular, a large number of
studies have shown the effectivity of riparian forest for providing thermal regulation ES in these areas,
decreasing maximum temperature and mean temperature, as well as increasing minimum
temperature during the year, and reducing also diurnal variability (Malcolm et al., 2008; Mellina et al.,
2002; Story et al., 2003).
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At a catchment scale, the spatio-temporal patterns of potential provision of thermal regulation ES are
complex due to the multiple interactions between the factors mentioned above. River water is typically
cooler and less variable at subseasonal scales where water flow is sourced predominantly from
groundwater (Garner et al., 2014; O’Driscoll & DeWalle, 2006; Tague et al., 2007) or snow melt (Blaen
et al., 2013). Especially when the inputs come from shallow aquifers, as well as in runoff-dominated
catchments or sub-catchments, the temperature of the river network is affected by the legacy of the
thermal buffering provided in the drainage wings during periods of high surface warming. In this sense,
not only the delay in the delivery of the ES regarding to its generation, but also the intensity of the ES
provision depends on the residence time of the water at the surface or underground. Water annual
temperature is generally close to the groundwater temperature at the source (e.g. in headwater
streams; (Benson, 1953; Scarsbrook et al., 2017), and increases thereafter with distance/stream order.
This is not linear and the rate of increase is greater for small streams than for large rivers. In fact, small
headwater streams, although are often groundwater dominated, can warm more rapidly than larger
streams in response to catchment deforestation because their high surface to volume ratio (Caissie,
2006). Regardless of subsurface and hyporheic flow inputs, solar (shortwave) radiation input impinging
on the channel, leads the increase in water temperature downstream. At smaller scales, channel
orientation and shading effects of topography reduce incidental solar radiation. Consequently, the
thermal regulation ES potentially provided by riparian forest is more relevant in flat or gently sloping
areas with orientations that receive more cumulative radiation (i.e. south and south-west orientations
in the northern hemisphere) than, for example, in incised channels with greater topographic shading
(Webb & Zhang, 1997). However, above a certain threshold of channel width, the shade potentially
provided by the riparian forest fails to cover a significant proportion of the channel, reducing its
capacity to regulate water temperature (e.g. in the lower reaches of rivers; Pérez-Silos, 2021). In this
sense, direct solar radiation is the primary factor influencing stream temperatures in summer months
(Beschta et al., 1987; Sinokrot & Stefan, 1993). This fact, together with the lower flow of the river
during this season, means that the thermal regulation provided by the shade of the riparian forest
becomes more important during this season. The provision of this ES is even more relevant during the
pool phase as the heating of water bodies is faster because the absence of flow or heat exchange in
certain portions of the river network.

Consequently, thermal regulation ES is also generated in the drainage wings and riparian buffers
functional units catchment, however an important part of its benefit is delivered along the river
network (Fig. 11). As well as the others regulating ES exposed above, the river network acts as a linker
(i.e. SCA) between the SPA and SBA. In this sense, although biological structures of the fluvial
ecosystems may not have much relevance to the modification of the service, the associated riparian
vegetation controls a very important part of the dynamics of this ES.
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Figure 11. Schematic outline of the meta-ecosystem approach proposed for the characterization of the thermal regulation
ecosystem service.

Carbon sequestration and emission regulation on in-stream riverine ecosystems

Carbon (C), in its organic and inorganic forms, is a key element of the biosphere, regulating the
biogeochemical processes of ecosystems. Ecosystems process, transport and transform carbon in a
boundless cycle connecting all the elements of the biosphere, the atmosphere, and the lithosphere.
Atmospheric inorganic carbon (CO,) is used up by primary producers through photosynthesis and
stored as carbon in biomass and soils (Lorenz, 2013) and released back to the atmosphere by organism
respiration. Therefore, ecosystems retain or release inorganic C, becoming sinks or sources of CO.. If
carbon intake is higher than release, ecosystems reduce the concentration of CO;in the atmosphere
and thus can buffer the anthropogenic effects of climate change. Therefore, carbon sequestration is
considered an ES to the extent that this process helps regulating the trend experienced by the earth's
climate during the Anthropocene (IPCC, 2018; Steffen et al., 2011).

However, the role of ecosystems as emitters and sinks in the global carbon cycle needs to be properly
understood to optimize land management for carbon sequestration. Some studies have been
performed estimating the global carbon cycling, connecting terrestrial and marine ecosystems. In
those studies, rivers are considered as passive pipes that transport terrestrial carbon into the oceans.
According to this view, its role in the balance of carbon exchanged between the biosphere, geosphere
and hydrosphere and the atmosphere (and thus their capacity to sequester CO,) would be negligible.
Nowadays, it has been recognized that rivers are active components of the global C cycle. They not
only transport terrestrially-derived carbon to the ocean, but also store it in sediments and emit CO; to
the atmosphere (Battin et al., 2009b; Cole et al., 2007). Because of the terrestrial subsidy, river
networks are simultaneously net sources of CO, and net sinks for C in sediments. The net carbon
sequestration of a whole river network depends on this balance, which responds to a complex spatio-
temporal pattern that determines how the biophysical components that process carbon adapt their
structures and dynamics to the geophysical world (Battin et al., 2009a).

According to Chapin et al. (2006), the term net ecosystem carbon balance (NECB) is applied to the net
rate of C accumulation in ecosystems (or loss from [negative sign]). NECB represents the overall
ecosystem C balance from all sources and sinks (i.e. physical, biological, and anthropogenic) which
include (Fig. 12): net ecosystem exchange (the net CO, flux from the ecosystem to the atmosphere; -
NEE) + net carbon monoxide (CO) absorption + net methane (CH4) consumption + net volatile organic
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C (VOC) absorption + net dissolved inorganic C (DIC) input to the ecosystem + net dissolved organic C
(DOC) input + net lateral transfer of particulate (non-dissolved, non-gaseous) C into the ecosystem by
processes such as animal movement, water and wind deposition and erosion, and anthropogenic
transport or harvest. NECB equals the total C input minus the total C output from the ecosystem over
a specified time interval. On short time scales, gross primary production (GPP) and ecosystem
respiration (ER), which are the components of net ecosystem production (NEP), are the processes that
typically consume and produce, respectively, most of the inorganic C (i.e. DIC) in an ecosystem. The
balance of these two processes, considering ER as a negative flux, is river ecosystem metabolism
(REM). REM is positive when the ecosystem is accumulating or exporting organic C and negative when
it is importing organic C (Lovett et al., 2006). Because NEE is, by definition, the CO; flux from the
ecosystem to the atmosphere, [-NEE] diverges from NEP and NECB when inorganic C enters or leaves
an ecosystem as DIC in the aquatic phase rather than through atmospheric exchange. Leaching of
groundwater, for example, generally transfers respiration-derived DIC from terrestrial to aquatic
ecosystems, causing [-terrestrial NEE] to be greater than terrestrial NEP or NECB and [-aquatic NEE] to
be less than aquatic NEP or NECB. Because NEP is, by definition, the inorganic C exchange of an
ecosystem caused by GPP and ER, NECB diverges from NEP when C enters or leaves ecosystems in
forms other than CO; or DIC. In river networks, lateral C transfers among ecosystems often dominate
NECB (Howarth et al., 1996; Richey et al., 2002). In fact, recent estimates of CO, outgassing from
streams and rivers (Cole et al.,, 2007) suggest that land-derived organic carbon is an important
integrator of terrestrial and aquatic ecosystem processes that fuel the net heterotrophy of fluvial
ecosystems (ER > GPP and, consequently - NEE). Consequently, large lateral C imports usually imply a
net CO; source to the atmosphere from river networks (Fig. 12). Furthermore, in aquatic ecosystems
physical processes such as CO, solubility, vertical mixing rates, and sedimentation of particulate
organic C (POC) often dominate the C budget (Lovett et al., 2006). Finally, NECB also diverges from NEP
when inorganic C enters or leaves ecosystems for reasons other than an imbalance between GPP and
ER. For example, the largest non-respiratory oxidations of organic matter to inorganic are caused by
ultraviolet radiation in aquatic ecosystems (Tranvik and Bertilsson, 2001). In addition, river networks
also export large amounts of DIC resulting from the fixation of atmospheric carbon through rock
weathering (Meybeck, 1993; Stallard, 1998).
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contributing to NECB are emissions to or uptake from the atmosphere of carbon dioxide (CO,; net ecosystem exchange, or
NEE), methane (CH4), carbon monoxide (CO), and volatile organic C (VOC); lateral or leaching fluxes of dissolved organic and
inorganic C (DOC and DIC, respectively); and lateral or vertical movement of particulate C (PC ; nongaseous, non-dissolved)
by processes such as animal movement, shoot emission during fires, water and wind deposition and erosion, and
anthropogenic transport or harvest. Fluxes contributing to NEP are gross primary production (GPP), autotrophic respiration
(AR), and heterotrophic respiration (HR). Estimations about global carbon budget done by Regnier et al. (2013) are shown in
red for the present day (2000-2010). All fluxes are in Pg C/yr, rounded to +- 0.05 Pg C/yr, and refer to total fluxes (organic and
inorganic C). The starts indicate the confidence interval associated to the flux estimates, based on The First State of the Carbon
Cycle Report (US Climate Change Science Program and the Subcommittee on Global Change Research, 2007). A black star
means 95% certainty that the actual estimate is within 50% of the estimate reported; a grey star means 95% certainty that
the actual value is within 100% of the estimate reported; a white start corresponds to an uncertainty greater than 100%.

According to Sutfin et al. (2016), organic carbon is stored along river networks in four primary
reservoirs that contribute to reduce NEE: (i) standing riparian biomass; (ii) large downed wood; (iii)
sediment, including organic matter, litter and humus on or beneath the channel surface and across the
floodplain and (iv) in-stream biomass including filamentous algae, periphyton, benthic invertebrates,
fish, and particulate organic matter (Fig. 13). Carbon stored values in stream biomass are frequently
small compared to the other three reservoirs, which are also more persistent (Findlay et al., 2002;
Naiman et al., 1987). Nevertheless, as mentioned previously, the balance between respiration and
autotrophy of river biomass is the main strictly fluvial component that affects NECB, at least on short
time scales. Thus, river metabolism is mainly determined by the structure of the food webs and,
consequently, by the fluxes of nutrients and communities within the river network (Cid et al., 2021;
Power and Dietrich, 2002). In this regard, DOM and POM are the largest carbon pool in freshwater
ecosystems (Battin et al., 2009). DOM is composed of a complex mixture of allochthonous organic
matter from the degradation products of terrestrial plant organic matter and autochthonous organic
matter produced by the autotrophic organisms (extracellular release) or by predatory grazing, cell
death and senescence and viral lysis. Most DOM and POM has shown to be of terrestrial origin,
especially in headwater streams (Jaffé et al., 2013; Raymond & Bauer, 2001). This suggests that most
of the compounds in OM leach directly from vegetation components (e.g., leaves, twigs, fruits; Kaplan
& Newbold, 1993) or from organic matter accumulated in soils (Fiebig et al., 1990) and reach the
stream via subsurface soil flow paths (Fiebig et al., 1990; Mei et al., 2012). Consequently, land cover
exerts a strong influence on the origin, quantity and quality of the organic matter that constitutes the
source of energy for the stream biota, this is the food resources that support an important part of the
food webs of river ecosystems (Allan and Castillo, 2007). DOM and POM properties (i.e., composition
and concentration) in freshwater ecosystems are strongly defined by the catchment vegetation
composition (e.g., vegetation types such as herbaceous, shrub or arboreal vegetation) and the soil
environment. This makes OM properties extremely sensitive to changes in land cover, as well as the
way in which organic matter reaches the river network (Estévez et al., 2021).

In addition, results from a synthesis of the annual metabolic regimes of 222 rivers demonstrate that
flow and light regimes are the primary controls on the timing and magnitude of river ecosystem GPP
and ER (Bernhardt et al., 2022). River GPP and ER are highest where light and thermal regimes coincide
and where physical disturbances are infrequent. As discussed in sections 3.2.1. and 3.2.3., both factors
are highly controlled by vegetation distribution and, specifically, by the presence of forest ecosystems
in both drainage wings and riparian buffers. In fact, some studies have shown how GPP/ER ratio
decreases slightly in deforested headwater reaches compared to forest catchments (Rodriguez-Castillo
et al., 2019). According to Bernhardt et al. (2022), for many rivers, the increased frequency of flooding
and drying disturbances caused by climate and land use change may limit accumulation of autotrophic
biomass and storage of organic matter in ways that reduce the availability and predictability of energy
flow to support river food webs. Moreover, regarding carbon storage mechanisms in the river network,
itis expected that low gradient, wide floodplains in old-growth forests with complex channel geometry
(but also in headwaters; Beckman & Wohl, 2014), a high degree of lateral hydrologic connectivity
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between channels and floodplains, saturated soil conditions, and slow rates of organic decay
associated with relatively cold temperatures will have the greatest per unit area storage of organic
carbon.

Carbon dynamics fluctuate spatially and temporally along the river network. REM has long been
hypothesized to be heterotrophic (ER > GPP) in headwaters thus contributing to carbon emissions to
the atmosphere, changing toward autotrophy as we move downstream (mid-order reaches) and
reverting the pattern in large rivers (Vannote et al., 1980). In this sense, headwaters receive most of
the terrestrial DOC because of their drainage length, density, and inter-digitation within the landscape.
Here, metabolic performance is highest because most of the microbial biomass and metabolic
processes are associated with streambed surfaces, and continuous surface—subsurface exchanges
ensure replenishment of nutrients, substrates and oxygen, and the removal of metabolic wastes
(Battin et al., 2009). The establishment of chemical gradients along the resulting flowpaths provides
niches for diverse microbial communities, providing opportunities for populations to express their
physiological potential and process a broad range of organic molecules (Findlay and Sinsabaugh, 2006).
Furthermore, the cross-scale interplay of the porous structures, hydrodynamic exchanges, and
chemical and biological gradients in the streambed and its biofilms enhance metabolic performance in
streams. However, the narrowness of the channel may result in more shading from adjacent banks and
slopes, leading to less incident radiation and limiting GPP (Vannote et al., 1980). Downstream, the
decrease of stable surface area per water volume explains the decreased REM (Hotchkiss et al., 2015),
especially when current velocities are enough to wash out suspended algae and bacteria before they
become established as active planktonic communities (Battin et al., 2009). In these sections of the river
network, both the riverbed (Crump et al., 2004; Fischer et al., 2005) and the water column (Oliver and
Merrick, 2006) certainly contribute to the REM, but also the hydrologic connectivity with floodplains
can have a significant role (Robertson et al., 1999). The large floodplains of lowlands areas are also
important stores of standing biomass as riparian vegetation due to their wet conditions and high soil
productivity (Sutfin et al., 2016).

Temporal dynamics add another important dimension to the variability of REM and the way in which
C is processed in river networks. During the flow phase, hydrological connectivity along the river
network homogenizes the processing of DOC. On one hand, rivers are considered as net carbon
sources, emitting CO, pulses that contribute to global carbon cycles (Datry et al., 2018; Raymond et al.,
2013). In addition, connectivity with drainage wings is also high, so there is an important influence of
allochthonous organic matter entering the river network (von Schiller et al., 2017). In the case of
flooding periods, the transport capacity of the river network is accentuated, reducing the internal
processing of C and increasing the export to the sea (Cole et al., 2007). However, these flood pulses
also have the capacity to activate the connection with floodplains. In this sense, storms elevate DOC
exports from headwaters; flood pulses transfer this subsidy onto floodplains, where microorganisms
receive another chance to transform DOC over an extended residence time (Battin, et al., 2009; Sutfin
et al., 2016). On the other hand, the drying phases produce a longitudinal hydrological disconnection
of the river network, which increases the spatial heterogeneity of the resources (nutrients and organic
matter; von Schiller et al., 2017). Drying diminishes also lateral connections through runoff and vertical
connections to the groundwater. Therefore, DOC dynamics and concentrations during drying events
mostly depend on in-stream processes occurring at the stream surface (Gomez et al., 2017). In this
drying phase, the ability of river networks to sequester C increases as organic matter accumulates and
decomposition slows down (von Schiller et al., 2017). The cessation of flow typically leads to surface
fragmentation, creating a heterogeneous landscape of isolated pools within a matrix of dry
streambeds. In isolated pools, the accumulation of organic matter, high respiration rates, lack of water
renewal, and weak reaeration rates commonly create hypoxic or anaerobic environments (Boulton &
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Lake, 1990; von Schiller et al., 2011). Microaerophilic or anaerobic processes dominate under these
circumstances (i.e. CHs emissions). The fragmentation of the river network typically evolves towards
the surface stream drying. During this phase, low water availability reduces overall microbial activity
through direct physiological effects, reduced diffusion of soluble substrates, and lowered microbial
mobility (Humphries and Baldwin, 2003). However, stream biofilms associated with dry sediments can
further process organic carbon. Specifically, heterotrophic processes associated with exoenzymatic
activities are more resistant to stream desiccation than autotrophic processes (Timoner et al., 2012;
Zoppini and Marxsen, 2011). Dry riverbeds can therefore emit large quantities of CO, (Marcé et al.,
2019). On the other hand, the terrestrialization of river channels can also strongly influence nutrient
and organic matter dynamics. In fact, the presence of terrestrial vegetation increases GPP and
temporal carbon sequestration in biological structures (von Schiller et al., 2017). Finally, in some cases,
increases in organic matter and nutrient concentrations after rewetting from dry conditions in river
networks can cause eutrophication and potentially lead to the occurrence of hypoxic blackwater
events and subsequent CHsemissions (Hladyz et al., 2011).

As a summary, the regulation of carbon emission and sequestration in rivers implies complex
interactions between catchment and in-stream processes. Carbon sequestration is an ES directly linked
to biophysical structures able of accumulate Cin its biomass. In this sense, both the live and dead wood
of riparian zones, floodplains and fluvial reaches, but also river organisms fulfil these functions. Carbon
emission, however, is considered the dominant in-stream process as flowing rivers are generally
oversaturated with CO,. This oversaturation is the result of the input of terrestrial inorganic CO,
transported through underground waters and the respiration of terrestrial organic matter, which boost
heterotrophic activity as explained previously. Rivers transform ~ 37% of the terrestrial carbon into
CO,, which is emitted to the atmosphere or transported to the oceans. Due to this, river networks are
considered the main source of greenhouse gas emissions to the atmosphere with an estimated carbon
evasion of 1.9-2.3 Pg Cyear(Liu et al., 2022; Raymond et al., 2013). However, up to date these global
estimates do not take into account the role of non-perennial rivers, which account for up to 60 % of
the earth water courses, resulting in an underestimation of global carbon emissions (Marcé et al.,
2019; Messager et al., 2021).

In DRYVER, carbon emissions from in-stream biomass was the process considered for modelling. It is
linked to REM and, consequently, to the structure of the biotic fluvial communities constitutes the SPA
(Fig. 13). However, from a meta-ecosystem perspective, composition and structure of river
communities, as well as, their functions (i.e. metabolism) are controlled by other functions provided
by riparian and upland forests (e.g. thermal buffering or hydrological regulation) that regulate abiotic
flows from terrestrial ecosystems (Bernhardt et al., 2022; Fig. 13). In the carbon emission regulation
ES, changes in atmospheric conditions and subsequent climate regulation is the benefiting component.
Therefore, the spatial context constituting the benefited area has multidirectional and diffuse
boundaries (Fig. 13).
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Figure 13. Schematic outline of the meta-ecosystem approach proposed for the characterization of the carbon emission
regulation ecosystem service.

Conceptual model

How ES are potentially provided in the fluvial catchment?

The conceptual model developed for DRYVER characterizes the spatial and temporal variation in the
potential provision of ES along an idealized river network, in which both the ecosystems and landforms
of the catchment are in a pristine state. We considered those provisioning and regulating ES from CICES
(Roy Haines-Young & Potschin, 2018) closely linked to the river network, either because they are
directly produced by the fluvial ecosystem and associated ecosystems (i.e. riparian and floodplain
areas), or because the benefit they generate is delivered to society in the river network itself. In this
conceptual model, we exclude cultural ES as they are highly context-dependent and their variation
depends not only on the biophysical properties of fluvial ecosystems, but especially on the
geographical region and local sociological factors (Stubbington et al., 2020). We used a meta-
ecosystem approach (Gounand et al., 2018) in order to conceptualise how abiotic and biotic flows that
are mediated by different ecosystems in the land/riverscape generate ES flows when the catchment is
interpreted as a socio-ecological system. According to our rationalization, water acts as a vector for
connectivity in the catchment (Sponseller et al., 2013). Its movement (or lack thereof) across different
landforms is the main factor controlling the exchange of energy, materials and organisms in the river
catchment between the ecosystems in which the biophysical interaction that generates the ES takes
place (i.e. SPA) and those in which the ES is ultimately delivered (i.e. SBA). Specifically, Petersen (1999)
proposed four types of spatial units, with unitary hydrological functions and similar ecological
potential, that are essential to determine the abiotic flows occurring in the fluvial catchment: drainage
wings, riparian buffers, floodplains and river reaches. In our conceptual model, we consider these
landforms as functional units not only able to incorporate the biotic-abiotic interactions at the required
functional scale to generate ES but also the hydrological connectivity between different ecosystems
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along the river network (Fig. 7.a). As exposed in previous sections, both biophysical interactions and
hydrological connectivity also change predictably along the river network depending on
geomorphological factors (Boulton et al., 2017; Naiman et al., 2010; Rinaldo et al., 1993). Therefore,
our model considers three different strata in the river network (i.e. headwaters, piedmont areas and
lowlands) in which biophysical patterns are homogeneous in terms of each functional unit (Fig. 7.a).
This spatial segregation of the catchment makes our model capable of delocalizing provision and
delivery of ES. It allows tracing the potential ES flow between the providing functional unit,
characterized by some specific abiotic and biotic conditions that determine the generation of ES, and
the functional unit that receive or delivery the benefit.

In this sense, our conceptual model considers the intensity with which ES are potentially provided
along the river network. For this, our model assesses the longitudinal pattern of variation in the
biophysical drivers that control the generation of each ES based on the available scientific evidence
(Tables 1 and 2). For example, ES such as flood and erosion protection in drainage wings, that involves
the regulation of abiotic flows associated with steep slopes (e.g. sediment generation and runoff) occur
mostly in headwater areas (Pérez-Silos, 2021). However, ES linked to the accumulation of flows in
retention structures require depositional morphologies, with gentle slopes and more porous materials,
and therefore become more important in the lower and middle reaches of the river catchment (e.g.
flood protection and drought mitigation through floodplains and piedmont drainage wings; Boulton et
al., 2017). As exposed in previous sections, the connectivity of these abiotic and biotic flows also varies
temporally, as they depend on how water moves through the functional units of the catchment (Fig.
6.b). For example, small to medium grain materials are usually easily transported by surface runoff,
but most substances mobilized by subsurface and hyporheic flows are transported as water-diluted
solutes (Wohl et al., 2015). Water from groundwater flow is also cooler and more thermally stable than
water entering the river network from surface flow (O’'Driscoll & DeWalle, 2006; Tague et al., 2007).
Both water distribution and water pathways in the catchment are ultimately driven by its recent
moisture content and long-medium term storage legacy (Bracken & Croke, 2007). In this sense, our
conceptual model also provides mechanisms to understand how the provision of ES varies depending
on the hydrological state of the catchment (Tables 1 and 2). Thus, for each of the three hydrological
phases considered (i.e. flowing, disconnected pools and dry phases, as well as flood events), our model
makes explicit the changes in water pathways that occur in the functional units that generate and
connect (i.e. SPA and SCA respectively) each of the ES evaluated. These variations in water pathways
mainly determine the intensity and relevance of the ES during the considered hydrological phases
(Tables 1 and 2). In fact, the provision of certain ES may even remain temporarily inactive in some of
these phases. For example, the water temperature regulation ES is provided by the riparian forest with
a higher intensity during the disconnected pools phase. The disruption of longitudinal connectivity due
to loss of river flow leads to the formation of pools and non-flowing water accumulations with shallow
depths and, consequently, lower specific heat. Moreover, in temperate climates, this phase usually
coincides with a higher heat flow from the sun, making shade generation more relevant (Beschta et
al., 1987; Sinokrot & Stefan, 1993). However, ES such as flood and erosion protection should be mostly
relevant only during the flowing phase (Datry et al., 2018). In these cases, the cessation of lateral
connectivity between drainage wings, floodplains and reaches during the disconnected pools and dry
phases keeps these ES temporarily inactive (Nadal-Romero et al., 2008; Tuset et al., 2022).




37

Table 1. Spatio-temporal patterns for the potential provision of the provisioning ES considered in DRyVER. Temporal relevance in ES provision is indicated by the color of the circle (from black -
highly relevant- to light grey —inactive). The light blue triangle shows the behavior of the ES during a flood event (top -provision rises-; down -provision decrease-). * The ES has got a temporal

delay and it could be generated in the previous phase. ** Floods favor lateral connectivity and wood deposition in storage structures. F: flowing phase; P: pool phase; D: dry phase; H: headwaters;
M: piedmont; L: lowlands. Discontinuous lines show some uncertainty in our predictions or in the scientific literature.

Class CICES v5.1 (adapted from Roy

Abbreviation

Ecosystem — biological component

SPA: functional unit

SCA: functional unit connecting supply with potential demand

SBA: functional unit

Temporal

Haines-Young & Potschin, 2018) implied where the ES is (pathway referred to the connection with/between river reaches) where the ES is
originated F P D delivered H M L F P D
Plants (including fungi, algae), their ~ Vegetal biomass Aquatic and semi-aquatic wild plants River reach River reach River reach
fibres and other materials, used for  production (VB) ) ) ) . o O
nutritional, manufacturing or energy River and hyporheic flows Paols — hypaorheic flow o

source purposes (1.1.1.1, 1.1.1.2,
1113 1.1.21,1.1.2.2,1.1.23 1151,
1.1.52 1.1.5.3)

Animals, their fibres and other
materials, used for nutritional,
manufacturing or energy source
purposes (1.1.3.1, 1.1.3.2, 1.1.3.3,
1141,1142 1143 1161, 1162,
1.1.63)

Genetic materials from plants, algae or
fungi collected for: maintaining or
stablishing a population, breeding new
strains or varieties, or designing and
building new biological entities (1.2.1.1,
1.2.1.2,1.2.1.3)

Genetic materials from animals
collected for: maintaining or stablishing
a population, breeding new strains or
varieties, or designing and building new
biological entities (1.2.2.1, 1.2.2.2,
1.2.2.3)

Surface water for drinking, or used as a
material or an energy source (4.2.1.1,
4.21.2 4.2.1.3)

Groundwater (and subsurface) for
drinking, or used as a material or an
energy source (4.2.2.1, 4.2.2.2, 4.2.2.3)

Mineral substances used for nutritional,
material or energy source purposes
(4.3.1.1,4.3.1.2, 4.3.1.3)

Animal biomass
production (AB)

Vegetal genetic
materials; biodiversity
(VG)

Animal genetic
materials; biodiversity
(AG)

Surface water
provisioning (SW)

Groundwater
provisioning (GW)

Minerals provisioning
(MP)

Terrestrial wild plants

Aquatic and semi-aquatic wild animals

Terrestrial wild animals

Aquatic and semi-aquatic wild plants

Terrestrial wild plants

Agquatic and semi-aquatic wild animals

Terrestrial wild animals

Biophysical structure of the fluvial

catchment

Biophysical structure of the fluvial
catchment

Biophysical structure of the fluvial
catchment

Floodplain — riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

Drainage wing—
floodplain

Drainage wing —
floodplain

Drainage wing

veEl

Floodplain —riparian
buffer

River and hyporheic flows
Floodplain — riparian

buffer

River and hyporheic flows

Floodplain — riparian
buffer

River and hyporheic flows

Floodplain — riparian

Floodplain — riparian buffer —river reach

Exposed river reach Dry river
reach
River reach
Pools — hyporheic flow 0

Floodplain — riparian buffer —river reach

Exposed river reach Dry river
reach
River reach
Paools — hyparheic flow a

Floodplain — riparian buffer — river reach

Exposed river reach Dry river
reach
River reach
Paools — hyporheic flow [}

Floodplain — riparian buffer — river reach

buffer
- Exposed river reach Dry river
reach

River reach

River flow Subsurface (hyporheic) flow o

Drainage wing — floodplain

Subsurface flow Subsurface flow o
River reach

River flow 0 0

Floodplain —riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

River reach

Drainage wing —
floodplain

Floodplain —riparian
buffer —river reach
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Table 2. Spatio-temporal patterns for the potential provision of the regulating ES considered in DRyVER. Temporal relevance in ES provision is indicated by the color of the circle (from black -
highly relevant- to light grey —inactive). The light blue triangle shows the behavior of the ES during a flood event (top -provision rises-; down -provision decrease-). * The ES has got a temporal
delay and it could be generated in the previous phase. ** Floods favor lateral connectivity and wood deposition in storage structures. F: flowing phase; P: pool phase; D: dry phase; H: headwaters;
M: piedmont; L: lowlands. Discontinuous lines show some uncertainty in our predictions or in the scientific literature.

Class CICES v5.1 (adapted from Roy Abbreviation Ecosystem — biological component SPA: functional unit SCA: functional unit connecting supply with potential demand SBA: functional unit Spatial Temporal
Haines-Young & Potschin, 2018) implied where the ES is (pathway referred to the connection with/between river reaches) where the ESis
originated F P D delivered H M L F P D
Bio-remediation/filtration/  Bio-remediation (BR) Riparian and floodplain vegetation (i.e. Floodplain — riparian River reach River reach - %k
sequestration/storage/accumulation of riparian forest, meadows, etc.) buffer E3 -7 - e . . O
waste, toxics and other nuisances by Surface, subsurface (hyporheic)  Subsurface (hyporheic) flow [
micro-organisms, algae, plants, and ic b h | " . b flows and river overfiow . " . h
animals (2.1.1.1; 2.1.1.2) A.qu.atlc. iota: macrop ytes, algae ani River reac! River reac River reacl
biofilm in the river channel o . O
River and hyporheic flows Pools — hyporheic flow [
Mediation of smell/noise/visual impacts  Regulation of Riparian and floodplain vegetation, as Floodplain — riparian Riparian buffer Floodplain — riparian
(21.2.1;2.1.2.2; 21.2.3)  sensorial impacts (Sl) well as animals, but specially tree buffer buffer — river reach . . O
cover (i.e. riparian-floodplain forest) B B
Aquatic biota: macrophytes, algae and River reach In situ River reach "
biofilm in the river channel ~
River and hyporheic flows o [ Te.o- . O O
Mass stabilization and control of erosion  Erosion protection Catchment vegetation, but specially Drainage wing Drainage wing Riparian buffer
rates (2.2.1.1)  (EP) tree cover (i.e. hillside forest)
Surface and subsurface flows 0 (gravitational-non water) . O O
(and gravitational-non water)
Riparian vegetation, but specially tree Riparian buffer River reach River reach
cover (i.e. riparian forest) \
River flow Pools Q . O O
Buffering and attenuation of mass  Sediment retention Riparian vegetation, but specially tree Riparian buffer River reach River reach
movement (2.2.1.2)  and filtering (SR) cover (i.e. riparian forest) . . O
Surface and subsurface Subsurface (hyporheic) flow Q
(hyporheic) flows
Fluvial ecosystem: macrophytes, algae, River reach River reach River reach
biofilm and rest of death biomass (e.g.
wood) in the river channel River and hyporheic flows Hyporheic flow [ . . .
Hydrological cycle and water flow  Drought mitigation Biological retention structures, but Drainage wing Drainage wing River reach *
regulation (including flood control;  (DR) specially mature hillside forests and . . O
221.3) wetlands Subsurface flow Subsurface flow Q
Floodplains, favoured by the presence Floodplain Floodplain River reach
of wetlands and meadows
Surface and subsurface Subsurface (hyporheic) flow o j\ .* . O
(hyporheic) flows
Flood protection (FP) Floodplains, specially when they are Floodplain River reach Floodplain — riparian
cover by floodplain forests and buffer — river reach
wetlands River overflow o Q O O O
Catchment vegetation, but specially Drainage wing River reach Floodplain — riparian
mature hillside forest buffer —river reach
Surface and river flows o [ L . O O
Wind and fire protection ~ Wind and fire Riparian and floodplain vegetation, but Floodplain — riparian Floodplain — riparian buffer — river reach Drainage wings
(2.2.1.4; 2.2.1.5)  protection (WF) specially wet forests (i.e. riparian- buffer — river reach —_—

floodplain forest) - Fluvial ecosystem

b -

veEl



Table 2 (continued).

Class CICES v5.1 (adapted from Roy
Haines-Young & Potschin, 2018)

Abbreviation

Ecosystem — biological component
implied

SPA: functional unit
where the ES is
originated

SCA: functional unit connecting supply with potential demand
(pathway referred to the connection with/between river reaches)

F P D

SBA: functional unit
where the ESis
delivered

Spatial Temporal

Pollination and seed dispersal (2.2.2.1;
2222

Maintaining nursery populations and
habitats (including gene pool protection;
2.22.3)

Pest (including invasive species) and
diseases control (2.2.3.1; 2.2.3.2)

Weathering processes and their effect
on soil quality (2.2.4.1)

Decomposition and fixing processes and
their effect on soil quality (2.2.4.2)

Regulation of the condition of
freshwaters by living processes (2.2.5.1)

Dilution by freshwater and marine
ecosystems (5.1.1.1)

Regulation of chemical composition of
atmosphere and oceans (2.2.6.1)

Regulation of temperature and
humidity, including ventilation and
transpiration (2.2.6.2)

Pollination and seed
dispersal (PL)

Nursery populations
and habitats (PH)

Pest and diseases
control (PD)

Weathering processes
(Ws)

Decomposition and

fixing processes (DS)

Water quality (WQ)

Dilution ability (DI)

Carbon sequestration

(Cs)

Water temperature
regulation (TR)

Native biota and biophysical structure
of the fluvial ecosystem (water and
wind)

Agquatic and semi-aquatic biota

Terrestrial biota

Terrestrial and fluvial native
ecosystems

Biophysical structure of the fluvial
catchment: biological (biota) and P/Q
meteorization (water and wind)

Aquatic, semi-aquatic and terrestrial
micro biota

Aguatic biota of the fluvial ecosystem:
animals, macrophytes, algae and
biofilm in the river channel

Biophysical structure of the fluvial
catchment

In-stream biomass (filamentous algae,
periphyton, benthic invertebrates, fish,
and particulate organic matter)

Standing riparian and floodplain
hiomass (i.e. specially mature forests),
large downed wood and soils

Catchment vegetation, but specially
tree cover (i.e. hillside forest and
floodplain forest)

Riparian vegetation, but specially tree
cover (i.e. riparian forest)

Floodplain — riparian
buffer —river reach

River reach

Floodplain — riparian
buffer —river reach

Floodplain — riparian
buffer —river reach

Floodplain - riparian
buffer - river reach

Floodplain - riparian
buffer - river reach

River reach

River reach

River reach

River reach

Floodplain — riparian

buffer

Drainage wing —
floodplain

Riparian buffer
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Floodplain — riparian buffer —river reach

River flow (i.e. hydrochory) Exposed river reach Dry river
reach
River reach
River flow Pools — hyporheic flow o

Floodplain —riparian buffer — river
reach

Floodplain —riparian buffer

- Exposed river reach Dry river
reach
In situ
River flow Pools — hyporheic flow 0
In situ
River flow Pools — hyporheic flow 0
Insitu
River flow Hyporheic flow — exposed Dry river
river reach reach
River reach
River overflow [ 0
River reach
Pools — hyporheic flow [
River reach
River flow Pools [
River reach
River and hyporheic flows Pools — hyporheic flow — Dry river
exposed river reach reach
River reach
River overflow **x [ 0
Drainage wing
Surface and subsurface Subsurface (hyporheic) flow o
(hyporheic) flows
River reach
River flow (trough air by Poals — hyporheic flow [

means of incidental radiation) (trough air by means of

incidental radiation)

Drainage wing —
floodplain — riparian
buffer —river reach

River reach

Drainage wing —
floodplain — riparian
buffer —river reach

Floodplain — riparian

buffer —river reach

Floodplain — riparian
buffer —river reach

Floodplain - riparian
buffer - river reach

Floodplain — riparian

buffer

River reach

River reach

Atmosphere

Atmosphere

River reach

River reach
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The spatio-temporal patterns for the potential provision of provisioning and regulating ES in DRN
(Tables 1 and 2) show that some biological components provide simultaneously multiple ES. In
addition, different biological components may be associated with each other in the same functional
unit in which they generate a diversity of ES (i.e. they share SPAs). This means that several ES are
provided simultaneously in space (shame SPA) and/or time, constituting a bundle of ES (sensu
Raudsepp-Hearne et al., 2010). This is clearly seen on ES provided by primary producer communities
(e.g., algae or macrophytes) on the “river reach” functional unit or by riparian vegetation on the
“riparian buffer” functional unit. Following this, our conceptual model will consider seven ES bundles
which concentrate the provision of the considered ES along the river network (Tables 1 and 2). These
ES bundles are grouped under: (1) Regulating terrestrial, (2) Floodplain, (3) Riparian, (4) Dry riverbed,
(5) Flooded floodplain and riparian, (6) River and (7) Stream (Fig. 14). Working with these seven ES
bundles allow us not only to identify homogeneous units in the catchment for the provision of ES, but
also to make explicit the dependences among ecosystems, biological components and functional units
responsible of ES provisioning, delivery and benefiting areas. In this sense, our conceptual model
shows how strictly and mixed terrestrial ES bundles (i.e. regulating terrestrial, floodplain and riparian
ES bundles) are highly relevant in the provision of ES along the river network, as ES provided on those
bundles influences the provisioning on river and stream bundles (Fig. 14a). In fact, more than the 60%
of the ES provided by these ES bundles are eventually delivered in the river and stream ES bundles (Fig.
14a). Furthermore, certain of the ES provided by the regulating terrestrial, floodplain and riparian ES
bundles determine the physical matrix of the fluvial ecosystem (e.g. controlling water and solid flows),
affecting directly or indirectly on much of the ES provided along the river network by the strictly fluvial
ES bundles (i.e. river, stream and dry river bed ES bundles; Fig. 14). For example, carbon sequestration
or emission and water quality are ES provided by river and stream ES bundles. These ES are directly
linked to the activity of river organisms, so they derive from the composition and structure of the fluvial
biotic communities (i.e. biomass and biodiversity). However, both ES are also highly affected by other
ES provided by riparian and catchment forests such as water temperature regulation or hydrological
processes like flood protection or drought mitigation (Bernhardt et al., 2022; Masese et al., 2017). The
riparian and regulating terrestrial ES bundles provide, respectively, these ES (Fig. 14).
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How ES provision vary in different types of DRN?

When our conceptual model is evaluated at the network scale, it allows us to hypothesize how the
provision of ES varies spatially and temporally between river networks with different hydrological
conditions. In this sense, our conceptual model considers two types of variations in the hydrological
conditions of the river network: (i) river flow over time, as well as the temporal succession between
different hydrological phases and (ii) the spatial pattern of drying in the DRN. Firstly, river flow depends
primarily on the climatic features of the catchment (especially the spatio-temporal pattern of
precipitation, as well as other factors such as evaporation), its hydro-geomorphological configuration
(e.g. lithology that may determine karstic aquifers, conditions such as altitude that determine the
existence of glaciers, or terrain morphologies that determine the constriction of the network, drainage
structures, etc.) and the drought mitigation ES provided by the retentive biostructures of the
catchment (sec. 3.2.1; Costigan et al., 2016). These factors determine the transition time between the
three different drying and wetting phases (i.e. flowing, disconnected pools and dry) of the DRN after,
respectively, drought or precipitation events. Secondly, climatic features as well as hydro-
geomorphological conditions also determine the drying pattern of the DRN. Our model has been
conceptualized primarily for Mediterranean, temperate and continental zones, distinguishing the
following common drying patterns (Boulton et al., 2017): (i) drying of headwater reaches due to
cessation of rainfall and feeding of middle and lower reaches by alluvial or karstic aquifers; (ii) drying
of middle reaches due to infiltration into the alluvial aquifer greater than the water supplied by the
headwater drainage network, as well as river networks draining glaciers; and (iii) contraction of the
river network from lower reaches. Therefore, the established framework allows to work with a wide
range of DRNs: small rivers that remain dry for a long time and suffer flash flood events, rivers with
short periods of drought, rivers that dry out only at the headwaters, etc.

Specifically, in the proposed conceptual model, the drying of the DRN is interpreted through several
biophysical gradients that determine meta-ecosystem, meta-population and meta-community
dynamics (Fig. 15). These gradients mainly explain the temporal variations in the provision of the
considered ES. Firstly (Fig. 15.a), changes on hydrological connectivity modify flows among ecosystems
and thus among the ES bundles of the catchment. In this sense, hydrological connectivity regulates
terrestrial inputs and accumulation of organic matter along the DRN (Cid et al., 2021). These dynamics
determine the resources available to the allochthonous metabolic channel of fluvial ecosystems, which
supports an important part of their food webs (Allan & Castillo, 2007). Secondly (Fig. 15.b), changes in
community assemblages, both alterations in the connectivity between populations and in the
composition and structure of the biotic communities are also affected by changes on hydrological
connectivity (Datry et al., 2017; Larned et al.,, 2010). Responses to the fragmentation of meta-
populations cascade to altered meta-community dynamics. Reduced dispersal among isolated local
communities can lead to shifts in community composition, biodiversity patterns, and biological
interactions at local and regional scales (Jaeger et al., 2014), transforming ecosystem functions and
services (Cid et al., 2021; Gounand et al., 2018).
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a.1) Flowing phase

The flowing phase is characterised by high levels of hydrological connectivity in all three dimensions.
On the one hand, lateral (and vertical) connectivity ensures a full connection of the river network with
the non-strictly fluvial ES bundles (i.e. regulating terrestrial, riparian and floodplain bundles; Fig.
16.al1). Most of the ES provided by these ES bundles regulate water, materials (i.e. sediment and
dissolved or particulate organic matter) and energy (i.e. thermal energy) flows from terrestrial
ecosystems, and thus are highly relevant to the functioning and services provided by the fluvial
ecosystems of the river network (Fig. 14). Specifically, the regulating terrestrial ES bundle stands out
in the headwaters and middle parts of the catchment, where it provides maximum values of drought
mitigation, as well as, flood and erosion protection (Fig. 17). Similarly, the riparian ES bundle is also
highly relevant in these sections of the river network where flows from the drainage wing and riparian
functional units are dominant and the reaches have a smaller relative area (Fig. 7.a). ES provided by
riparian forest such as sediment filtering, erosion protection, bioremediation or water temperature
regulation stand out in this respect (Fig. 17). On the other hand, as the river reaches lower areas, the
lateral connection of the river network with the drainage wings becomes less important and vertical
and lateral flows with the floodplains predominate (Fig. 7.a). According to our conceptual model, the
drought mitigation ES (through the recharge of shallow aquifers), as well as the provision of minerals
and groundwater ES, are prominent in these piedmont zones and lowlands (Fig. 17). In addition, both
the dynamics of the river network and the functioning of the fluvial ecosystem in these areas are highly
determined by the effect of flooding (Junk et al., 1989). During these events, lateral connectivity
becomes very important in the opposite direction to normal (i.e. from the reaches towards the riparian
and floodplain functional units; Boulton et al., 2017), determining the emergence of the flooded
floodplain and riparian ES bundle (Fig. 16.a1). This ES bundle works as a temporary water storage, so
not only contributes to recharge floodplain aquifers and reduce flooding downstream (i.e. flood
protection and drought mitigation ES), but also favor the deposition of materials and carbon storage
in the retentive biostructures of these functional units (i.e. sediment retention and filtering, bio-
remediation, carbon sequestration, and decomposition and fixing processes for soil formation ES;
Sutfin et al., 2016 and Wohl et al., 2018; Fig. 17).

During the flowing phase, both stream and river ES bundles are preponderant within the river network
due to a meta-ecosystem dynamics based on full hydrological connectivity between ecosystems in the
catchment and a well-represented fluvial community (Fig. 16.a1). Regarding the composition of the
fluvial community, alpha diversity usually reaches its maximum during the flowing phase (Datry et al.,
2014). The presence of flowing water makes possible the existence of a rich community ranging from
rheophilic and desiccation-sensitive taxa to more generalist taxa (Stubbington et al.,, 2017).
Furthermore, full longitudinal connectivity ensures biotic flows (e.g. via drift, crawling or swimming;
Bogan et al., 2017) between strictly aquatic populations (Datry et al., 2014) and determines a meta-
community dynamic characterized by dispersal movements (Datry et al., 2016; Fig. 16.al). The
dispersal pattern tends to concentrate movements towards the middle reaches, determining that the
maximum values of alpha diversity and provision of genetic resources ES are usually located in these
sectors of the river network (Stubbington et al., 2017; Figs. 17.a1 and 18). As this phase is dominated
by dispersal, nestedness may be observed in the community, particularly for weak to moderate
dispersers (Larned et al.,, 2010). In addition, the dispersive movements and the full longitudinal
connectivity of this flowing phase determine that stream and river ES bundles provide a high level of
pollination and seed dispersal ES in the river network (e.g. by hydrochory; Fig. 17). On the other hand,
the structure of the fluvial community during the flowing phase ensures the presence of a wide variety
of feeding traits, allowing food webs to use the full range of resources entering the river network. In
fact, allochthonous materials (e.g. leaves and twigs) from the functional units of floodplains, drainage
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wings but, above all, riparian buffers constitute a pool of detritus that forms the heterotrophic energy
sources of the fluvial ecosystem (Fig. 16.a1). Specifically, specialist aquatic detritivores (i.e. shredders)
play a key role in breaking this materials (coarse particulate organic matter, CPOM) to finer particles
(or fine particulate organic matter, FPOM) which can be utilized by other consumers of the food webs
such as filter feeders (Mclntosh et al., 2017). Consequently, there is a continuous processing of the
allochthonous organic matter (i.e. DOC and CPOM) entering and circulating through the river network.
This, together with the input of terrestrial dissolved CO, through subsurface flow (Duvert et al., 2018),
makes river network as net carbon sources during flowing phase (i.e. net heterotrophy, so low carbon
sequestration ES and high CO, emissions to the atmosphere; Song et al., 2018).

However, as mentioned in previous sections, net heterotrophy, as well as other biophysical properties,
vary along the longitudinal axe of the river network. This determines the differences between stream
and river ES bundles and how both are distributed along the river network. On the one hand,
headwaters are characterized by the presence of the stream ES bundle during flowing phase (Fig.
16.al1). Headwaters present high levels of lateral connectivity with drainage wings and riparian buffers
functional units due to of their drainage length, density, and inter-digitation within the landscape (Fig.
7.a), so they receive most of the terrestrial DOC and CPOM (Leopold et al., 1964). Here, metabolic
performance is highest because most of the microbial biomass and metabolic processes are associated
with streambed surfaces, and continuous surface—subsurface exchanges ensure replenishment of
nutrients, substrates and oxygen, and the removal of metabolic wastes (Battin et al., 2009). The
narrowness of the channel results in more shading from adjacent banks and slopes, leading to less
incident radiation and limiting GPP (Vannote et al.,, 1980). These factors determine a strong
heterotrophy in this sector of the river network (i.e. low provision of carbon sequestration ES and high
carbon emission), but also high provision of bio-remediation ES (Fig. 17). Furthermore, the provision
of surface water and dilution capacity ES are low because the cumulative effects of the catchment are
still small. However, mainly oligotrophic, well-oxygenated and cold waters (i.e. lower thermal inertia
and high temperature regulation ES provided by the riparian ES bundle; Caissie, 2006) usually ensure
high water quality ES (Fig. 17). On the other hand, lowlands are characterized by the presence of the
river ES bundle during flowing phase (Fig. 16.a1). In this sense, the decrease of stable surface area per
water volume leads to a decreased of metabolic performance, especially when current velocities are
enough to wash out suspended algae and bacteria before they become established as active planktonic
communities (Battin et al., 2009). Consequently, the respiration of organic matter subsidies from
headwaters declines relative to GPP, which increases due to a higher photosynthetic activity (greater
biomass of macrophytes and algae, as well as, availability of light; Vannote et al., 1980). This, together
with a lower input of dissolved CO,, DOC and CPOM from terrestrial-based sources, reduces
heterotrophy of the fluvial ecosystem compared to the headwaters (i.e. the provision of carbon
sequestration ES rises slightly, reducing CO, emissions to the atmosphere; Hotchkiss et al., 2015; Fig.
17). Moreover, all the water and materials collected by the RN converge downstream. This increases
highly the provision of surface water and dilution capacity ES, but also the amount of solutes in the
river network. The latter, coupling with lower water-dissolve O, and higher water temperatures, leads
to a reduction in the provision of water quality ES (Fig. 17). Finally, floods also affect to the provision
of ES in both river and stream ES bundles (Fig. 16.al1). During these events, the level of organic matter
processing decreases significantly because its direct transport predominates due to the higher flow
rates (Cole et al.,, 2007; Raymond et al., 2016). In addition, lateral connectivity is also greatly
augmented in the headwaters and piedmont areas, thus increasing the flow of materials from the
drainage wings to the reaches. This results in a higher amount of solutes and suspended solids in the
river network, temporarily negatively affecting the provision of water quality ES in it (Talbot et al.,
2018).
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b) Disconnected pools phase

The disconnected pools phase is characterised by cessation of flow in the river network (i.e. break of
longitudinal hydrological connectivity) as a result of partially-fully loss of the lateral hydrological
connectivity with drainage wings and floodplains functional units. Indeed, as the river network dries
out, lateral connectivity is rapidly lost due to the disruption of surface flow pathways (Fig. 7.b). In this
sense, the pools that remain in the river network are mostly fed by inflows from the hyporheic flow,
which may still be partially active (Fig. 7.b). As a consequence of the cessation of lateral surface
hydrological connectivity, the regulating terrestrial and riparian ES bundles lose much of their
relevance (Fig. 16.b). Both material flows and resources from the drainage wings and the riparian
buffer functional units are lower than in the flowing phase (Gémez et al., 2017) and most of their
associated ES start to become inactive. This fact is especially relevant for those ES whose SCA are
runoff-dependent water flows, such as flood protection, sediment retention and filtering, or hydric
weathering processes ES (Fig. 17). However, other ES from these ES bundles, but also from floodplain
ES bundle, such as drought mitigation, bio-remediation, carbon sequestration and emission or water
temperature regulation ES (Fig. 17) remain active mainly due to their dependence on subsurface flow
pathways and/or their temporal delay (Tables 1 and 2). In fact, in the case of water temperature
regulation ES provided by the riparian forest, the ES gains importance with respect to the flowing phase
in those reaches with pools (Fig. 17). As these are static bodies with a smaller volume of water, their
temperature depends more on the incident solar radiation and, therefore, on the shade potentially
provided by the riparian forest (Caissie, 2006).

In relation to fluvial ecosystem, the loss of longitudinal hydrological connectivity fragments the RN into
a mosaic of lotic, lentic and completely dry habitats (von Schiller et al., 2017). On the one hand, this
implies the emergence of another ES bundle: the dry river bed ES bundle (Fig 17.b). This ES bundle
provides ES that depend on the reach remaining totally or partially dry (Tables 1 and 2; Fig. 14), such
as the provision of terrestrial biomass and minerals ES, sediment retention ES or decomposition and
fixing processes for soil formation ES (Fig. 17). The dry river bed ES bundle begins to appear when
lateral hydrological connectivity is lost within the river reach and gains importance in the river network
with respect to the stream and river ES bundles as flow cessation and intermittency increase (Fig. 15.a).
In this sense, disconnected pools are patches of stream and river ES bundles that provide, in an altered
way, the ES that characterize them during the flowing phase (Fig. 16.b). For example, a lower surface
water provisioning ES in these pools also implies a lower dilution capacity ES. Consequently, higher
concentration of solutes, together with higher water temperatures and poor oxygenation rate, often
leads to reductions in water quality ES compared to flowing phase (Gémez et al., 2017; Fig. 17). On the
other hand, community composition and structure also vary sharply during the disconnected pools
phase. Indeed, meta-population dynamics are characterized by disruption in the biotic connections
between strictly fluvial populations (e.g. most of the fishes or many species of Ephemeroptera,
Plecoptera and Trichoptera) due to the loss of longitudinal and lateral hydrological connectivity
between pools (Boulton, 2003; Kerezsy et al., 2017). This can be very relevant in the face of gene flow
disconnection, as well as increase the relevance of density-dependent processes influence trophic
structure and functioning changes in densities and biomasses due to habitat contractions (e.g.
resource scarcity or increased predation; Dewson et al., 2007). Consequently, during disconnected
pools phase, fluvial community is dominated by lentic and semi-aquatic species, as well as, the variable
presence of terrestrial species depending on the size of dry bed patches (Stubbington et al., 2017; Fig.
15.b). Regarding meta-community dynamics, the richness of the community typically declines
comparing to communities present during flowing phases (Datry et al., 2014; but see in Bonada et al.,
2007 and Dieterich & Anderson, 2000). In this sense, shifts from flowing to nonflowing conditions are
likely to cause a rapid increase in the importance of species sorting, including adaptions to
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environmental conditions that occur during flow cessation, biotic interactions within contracting pools,
and predation by terrestrial organisms. When species sorting dominates, species turnover may be
observed more commonly (Datry et al., 2016; Tonkin et al., 2016; Fig. 15.b). Subsequently, the relative
importance of dispersal in accounting for community structure increases with the arrival of large
specialist predators with strong flying abilities, such as dragonflies (Odonata), diving beetles
(Coleoptera), and some true bugs (Heteroptera; Bogan & Boersma, 2012; Fig. 15.b). Relating feeding
groups, the proportion of predators typically increases as flow ceases and prey become concentrated
in contracting pools (Boulton & Lake, 2008). These increases are accompanied by corresponding
declines in feeding modes associated with flowing phases, including filter feeding and shredding
(Bogan & Lytle, 2007).

Both changes in hydrological connectivity and in the composition and structure of communities alter
meta-ecosystem dynamics and the provision of other in-stream ES. On the one hand, in comparison to
flowing phase, the longitudinal and lateral transport of DOC and CPOM is halted in disconnected pool
phase (Boulton, 1991; Corti et al., 2011; Langhans et al., 2008). Consequently, CPOM from the riparian
buffers functional units accumulates and terrestrial vegetation starts to develops in the dry bed of the
reach (Boulton, 1991; Corti et al., 2011; Figs. 16.a and 17). In this sense, the accumulation of organic
matter here represents a temporary carbon storage. This, together with a reduced decomposition rate
of this organic carbon due to the low abundance of shredders and reduced microbial activity (Corti et
al., 2011; Maamri et al., 2001), results in an increase in the carbon sequestration (thus a decrease in
carbon emissions) ES compared to flowing phase (Stubbington et al., 2020; Fig. 17). Furthermore, this
ES is also enhanced by the photosynthetic activity of the terrestrial vegetation that colonizes the river
reach (von Schiller et al., 2017). On the other hand, both disconnected pools and dry habitats can
continue to process relevant quantities of organic material during this phase due to the effects of
leaching during rain events, photodegradation by ultraviolet light (Austin & Vivanco, 2006; Fellman et
al., 2013), fermentation and accumulation of toxic compounds in anoxic pools (Boulton & Lake, 1990;
von Schiller et al., 2011), and nutrient uptake by microbes and invertebrates in standing pools and in
the hyporheic zone (Corti et al., 2011; Timoner et al., 2012). Consequently, the configuration of river,
stream and dry river bed ES bundles during the disconnected pools phase can still emit relevant
amounts of CO; and CH,4 gases that reduce slightly the total carbon sequestration ES (Fig. 17). In
addition, they maintain a relatively high ratio of decomposition and fixation processes ES, as well as, a
high sediment retention ES that potentially contribute to soil formation (Fig. 17).

Finally, the consequences for the provision of ES along the river network will largely depend on which
sections of the network are disconnected (Fig. 16.b). This is particularly relevant because of its link to
the pattern of organic matter accumulation in dry channels. On the one hand, the headwater streams
are covered by higher densities of riparian forest, which usually means that a greater amount of leaf
biomass ends up reaching the riverbed (Naiman et al., 1998; Vannote et al., 1980). Therefore, DRN that
contract along the upper reaches have a greater potential to store CPOM (at least temporarily) than
rivers with other drying patterns (Fig. 16.b1; Fig. 17). Furthermore, as mentioned previously, piedmont
and lowlands reaches are less heterotrophic than headwaters, so annual balances of CO, emissions
should be lower in these type of DRN. On the other hand, DRN that remain in the flowing phase at the
headwaters still experience the delivery of materials and sediments from the catchment. This flow of
matter is transported along the DRN and deposited downstream in non-flowing sections (very high
sediment retention ES; Datry et al., 2014; Figs. 16.b2 and 16.b3; Fig. 17). However, CPOM and DOC
contended in these matter and sediments have been previously processed in the flowing headwaters,
so this configuration may produce higher CO; emissions than the other drying patterns.
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c) Dry phase

Dry phase is characterized by the continuation of the trends of the disconnected pool phase. On the
one hand, regulating terrestrial, floodplain and riparian ES bundles are not relevant to the river
network due to the complete breakdown of hydrological connectivity (i.e. including hyporreic flow;
Fig. 15.a and Fig. 16.c). Consequently, the ES provision in these ES bundles is virtually inactive during
this phase (Fig. 17). On the other hand, the disappearance of lentic habitats produces a strong change
in the meta-population and meta-communities dynamics, as well as in the provision of ES in the reach
functional units (Fig. 15.b and Fig. 16.c). As the drying of the riverbed progresses, biological
connectivity between semi-aquatic taxa is disrupted. Desiccation-sensitive taxa remain in their refugia
(e.g., the hyporheic environment; Stubbington, 2012) until they eventually disappear due to the loss
of all hyporreic flow. The fluvial community undergoes a terrestrialization (Stubbington et al., 2017),
characterized by species turnover related to the environmental filtering predominant during this dry
phase (Datry et al., 2016). In addition, richness reaches minimum values compared to the flowing
phase, and may decrease with distance upstream if headwaters are isolated and adult insect flight is
the dominant recolonization mechanism (Stubbington et al., 2017).

The disappearance of aquatic and semi-aquatic habitats and communities leads to the disappearance
of the river and stream ES bundles, whereby reach functional units are homogenized in the dry river
bed ES bundle (Fig. 16.c). This generally means an increase in the provision of their characteristic ES
(Fig. 17): terrestrial biomass and biodiversity production, minerals provisioning, sediment retention,
decomposition and fixing processes for soil formation and carbon sequestration. More specifically,
decomposition processes are slowed by the drying of the hyporheic environment, although the
terrestrialization of the community itself (e.g., biological weathering by colonizing terrestrial plants)
contributes to maintaining relatively high decomposition rates for soil formation (Arce et al., 2019). In
this sense, the accumulation of organic matter in the channel continues (with very low processing
rates) following the pattern described above of greater accumulation in headwaters than in lowlands
(Fig. 16.c and Fig. 17). The volume of this temporary organic matter storage depends on: the duration
of the flow cessation period, the spatial pattern of the DRN desiccation (i.e. Figs. 16.b1, 16.b2 or 16.b3),
and the timing of riparian forest defoliation. For example, if tree defoliation coincides with dry phase,
a greater amount of organic matter is deposited in the reach functional units (von Schiller et al., 2015).

a.2) Flowing phase (flow resumption after rewetting event)

During rewetting events, the hydrological connectivity of the river network can be fully or partially
restored depending on the intensity of precipitation (Fig. 16). If the recovery of lateral and hyporheic
connectivity is complete, there is also a resumption of river flow and thus recovery of the longitudinal
connectivity of the river network (Fig. 15.a). Consequently, the river network transitions back to the
flowing phase. While the regulating terrestrial, floodplain and riparian ES bundles are once again very
relevant in the terrestrial functional units, river and stream ES bundles dominate the reach functional
unit (Fig. 16.a2 and Fig. 17). However, in the case of river and stream ES bundles, the ES provision is
conditioned with respect to the flowing phase due to particularities in the meta-ecosystem and meta-
community dynamics. On the one hand, flow resumption through the re-establishment of hydrological
connectivity also determines the immediate recovery of ES that are mainly driven by abiotic flows (e.g.
surface water provisioning, dilution ability or weathering processes; Fig. 14.a). In this sense, the
magnitude of the service depends largely on the intensity and duration of the rewetting event. On the
other hand, biological communities are in an active phase of recolonization of the newly re-established
lotic habitats. During flow resumption, dispersal from refuge areas is very high (e.g. logs, sediments or
patches that have remained wet; Chester & Robson, 2011), however the re-establishment of
communities is dependent on the dispersal strategies of the species (i.e. drift, benthic migrations or
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multidirectional dispersal by flying) and the spatial distribution of refuges supporting source of
colonists (Datry et al., 2017). The latter factor depends in turn on the duration of the previous phases,
as well as on the drying pattern of the river network. In relation to river and stream ES bundles, the
restoration of the biological community conditions the provision of ES narrowly related to biodiversity
such as aquatic biomass and biodiversity production, bio-remediation, water quality or carbon
sequestration ES (Fig 14.a). Consequently, these ES may not be recover immediately after flow
resumption.

Specifically, meta-ecosystem dynamics drive highly water quality and carbon sequestration or emission
during flow resumption events. Recovering longitudinal hydrological connectivity involves the
downstream mobilization of sediments and materials accumulated during the dry phase, while
recovering of lateral connectivity also reactivates CPOM and DOC inputs from drainage wings,
floodplains and riparian buffer functional units (Mulholland & Hill, 1997). In the last case, the quantity
of transported CPOM and DOC, but also nutrients, from the terrestrial functional units can be highly
variable depending on the duration of the previous dry phase and land cover (Kaplan & Newbold,
1993). In this sense, large, sudden pulses of CPOM and DOC transport and storage can produce “hot
moments” of biogeochemical transfer and transformation due to re-activation of the allochthonous
processing channel (Datry et al., 2014; von Schiller et al., 2017), reducing the quantity of processed
material received downstream. However, in many cases the biological communities may not be
immediately available to process these high concentrations of mobilized CPOM, which is mostly
exported downstream. For example, after prolonged drought events the terrestrialization of
macroinvertebrate communities implies a reduction in aquatic fungi and shredder densities,
decreasing the decomposition rates (Bogan et al., 2015; Corti et al., 2011). In turn, the processing of
the massive input of terrestrial labile compounds and nutrients availability can also cause dissolved
oxygen to plummet, killing invertebrates and fishes, emitting CH4, and exporting unprocessed material
(Hladyz et al., 2011; Raymond et al., 2013; von Schiller et al., 2017). Thus, rewetting and subsequent
flow resumption may initially reduce provision of water quality and carbon sequestration ES. These
events have a more negative impact when the rewetting of the river occurs rapidly (e.g. after heavy
rainfall events) and there is a large amount of accumulated organic matter in the river network.
According to our conceptual framework, these events may be more relevant in DRN that have
remained dry in the headwaters for a prolonged period of time (Fig. 16.a2 and Fig. 17). On contrary, in
the other two drying patterns, the organic matter accumulated in the DRN is lower, as processing has
lasted longer in the headwaters that have been kept flowing, and not as much organic matter
accumulates in lowlands (Fig. 16.a2 and Fig. 17). In addition, annual balance of CPOM transported to
the downstream receiving waters may be lower in these types of drying patterns (Datry et al., 2017).
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Figure 16. Conceptual model for ES provision in DRN. The model represents the variations in the ES bundles (to identify the
ES of each ES bundle, see Figures 14 and 17) for three hydrological phases (i.e. flowing phase, disconnected pools phase and
dry phase) along the longitudinal gradient of the river network (i.e. headwaters, piedmont areas and lowlands). Within the
flowing phase, the provision of ES is also differentiated in the case of flow resumption after rewetting event (a.2; the brown
gradient indicates how the ES provision of the river and stream ES bundles varies depending on the amount of organic matter
accumulated in the fluvial network: the higher the amount of organic matter, the lower the provision of water quality and
carbon sequestration ES), as well as the effects of a flood event (a.1; using light blue color: while in regulating terrestrial and
flooded floodplain and riparian ES bundles blue color shows a greater intensity in the provision of their ES, in river and stream
ES bundles shows higher provision of surface water provisioning, lower provision of water quality and bio-remediation ES,
and neutral provision of carbon sequestration ES). In addition, the conceptual model contemplates 3 different drying
patterns: headwaters (b.1), middle reaches (b.2) and contraction from low reaches (b.3). The conceptual model explains the
variations in the ES bundles based on the changes that occur in the dynamics of meta-ecosystems (“flow as vector for
connectivity” and “organic carbon”), meta-communities and meta-populations (both characterized by changes in
“community assemblage” and “dispersal”) due to river flow variations (“river flow”). The intensity of these changes (e.g.
amount of organic matter that accumulates in the network, changes in biotic communities, etc.) depends on the time that
elapses between the different phases and events that are contemplated (i.e. type of flow resumption, time between floods
when the river network is in moderate flows, time until flow cessation, time in the disconnected pools phase, time in the dry
phase and timing-type of the rewetting event).
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Abstract

Climate change is one of the most pressing challenges of our time, with serious threats to earth socio-
ecosystems, including river networks and their associated catchments. The effects of climate change
might emerge as a combination of factors from extended and more intense precipitation or drought
events, average temperature increases or extreme heat waves, among many others. These global
warming consequences are also interacting with other human pressures, such as deforestation,
pollutants and others, generating very serious threats for biodiversity conservation and human
societies future development. Thus, implementing effective solutions that can buffer the effects of
climate change and help designing adaptation pathways to climate change are much needed.
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Ecosystem service modelling emerges as a potential tool to assess the status of regulatory functions in
the different landscape spatial units. This framework can be used to detect which areas in the
catchment or a river network might need specific restoration or conservation actions to maintain or
reach a desired level of ecosystem service provision. The main objective of the second part of this
deliverable is to specifically model a selection of six ecosystem services that can be affected by climate
change across the six case studies within DRYVER. This second part builds on top of the conceptual
model developed under the first part, in which the main ecosystem components and functional units
that need to be considered when modelling ecosystem services in DRNs have been described. In more
detail, in this part of the deliverable we present a practical methodology for modelling each of the
selected ES which is adapted to the type of data available in the project but considering the conceptual
model of the first part of the deliverable. Finally, we present the results of the modelling exercise in
the 6 case studies of the project and we briefly discuss how the results could be used in the design and
implementation of Nature Based Solutions.
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Ecosystem service modelling, Integrated catchment management, integrated landscape management,
terrestrial-aquatic interfaces, river networks, risk management.
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Introduction

Ecosystem services (ES, hereafter) modelling is a valuable tool used to quantify, map and assess the
benefits that humans obtain from ecosystems (Olander et al., 2018). It involves the use of conceptual
frameworks, spatial data and methods necessary to understand how ecosystems provide services that
contribute to human well-being. The capacity of ecosystems to deliver essential services to society is
already under stress because of a wide range of factors that are included in the so-called global change
(Mooney et al., 2009). Among all, climate change is one of the most pressing challenges of our time,
with far-reaching impacts on various ecosystems, including river basins and river networks. Rising
temperatures, changing precipitation patterns, and more frequent extreme weather events are
altering the delicate balance of water resources (IPCC, 2014). This changes disrupt natural flow regimes
and intensify hydrological variability with significant consequences for natural ecosystems and human
societies that rely on them for drinking water, irrigation, hydropower and other socio-economic
demands (Zhang et al., 2016). In addition to hydrological shifts, climate change also exerts significant
influences on water quality. Increased temperatures, combined with changes in precipitation, lead to
altered nutrient cycling, increased sedimentation and changes in pollutant transport dynamics
(Dudgeon et al., 2006). These factors contribute to deteriorating water quality, eutrophication and the
loss of biodiversity in rivers and associated ecosystems, influencing the availability of suitable habitats,
migration patterns of aquatic species and overall ecosystem productivity (D6ll et al., 2014). Moreover,
climate change-induced shifts in precipitation patterns can result in more prolonged dry spells or
intense rainfall events, leading to heightened risks of droughts, floods and associated socio-economic
impacts (IPCC, 2018).

River responses to climate change needs an urgent and comprehensive assessment on how altered
precipitation patterns and changing temperatures affect these ecosystems. A catchment and river
network scale approach is needed for improving our understanding and to be able to design adequate
adaptation pathways to climate change impacts (Arthington et al., 2006). This also reinforces the
challenge of providing environmental flow rules to sustain river ecosystems in the face of climate
change. Altered hydrological patterns and water availability can disrupt the natural flow regimes of
rivers, impacting habitat suitability, biodiversity and ecosystem functioning, emphasizing the
importance of considering climate change effects when establishing environmental flow requirements
for river networks. Vérésmarty et al., (2010) provides an overview of the global threats to human water
security and river biodiversity, with a focus on climate change impacts, highlighting how changes in
temperature, precipitation and hydrological regimens directly affect water availability, river flow
regime and river ecosystem integrity.

The stresses imposed by climate change need also to be considered in a spatial context defined by the
current and future configuration of land use and land cover (LULC) patterns at both the catchment and
river network scales. The spatial distribution of land cover types and the elimination of mature and
stable forest ecosystems by means of historical deforestation, urbanization or agricultural practices,
involve modifications in the physical and biological characteristics such as soil composition and water
runoff patterns (Neary et al., 2009). This directly impacts river ecosystems through changes in soil
erosion and sedimentation, increasing nutrient and pollutant loads, or the quantity and type of organic
matter entering rivers (Vorosmarty et al., 2010). The synergetic effects of these LULC changes and
climate exacerbate the ecological consequences of climate change, posing a threat to biodiversity,
water quality and overall ecosystem health that needs to be recognized as a unique, complex mosaic
of interdependencies for designing sustainable management and conservation practices (Lehner et al.,
2006). For example, increased rainfall variability may exacerbate the erosion and sedimentation
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caused by deforestation, leading to more significant impacts on river ecosystems (Ellison et al., 2017).
Similarly, climate change-induced droughts can compound the negative effects of water extraction for
agricultural purposes, further reducing water availability and impacting aquatic biodiversity (Reid et
al., 2018; Vorosmarty et al., 2010). Understanding how these effects interact is crucial for effective
river ecosystem management and conservation. Integrated approaches that account for land use
planning, ecosystem restoration and climate change adaptation strategies are essential to maintain
the ecological integrity of river systems. To this aim, the part 1 of this deliverable has focused on laying
out a conceptual model in which the interconnectivity of the terrestrial and aquatic ecosystems is
specifically recognized for different hydrological conditions and in which a number of spatial functional
units are laid out for analyzing energy, water and material flows across the landscape.

Adopting integrative approaches and considering future climate scenarios, can help on the design of
adaptation pathways that buffer the negative effects of climate change and promote ecosystem
resilience. In relation to this, the strategic implementation of Nature Based Solution (NBSs) across
landscapes might help addressing the complex challenges the climate change bring. To achieve this
goal, ES modeling and assessment across landscapes is a powerful tool that can be used to identify key
areas in which regulatory ES need to be enhanced or preserved. ES assessment can be performed at
different spatial levels ranging from the entire catchment (such as hydrological regulation, water
provisioning and drought regulation), to the areas that connect the terrestrial environment to the river
network (e.g. in flooding and erosion regulation) or to the riverine environment itself (e.g. in thermal
regulation effects and carbon sequestration). This multiscale analyses can provide valuable insights
into the functioning of DRNs and their catchments and the benefits they provide to human societies.
In relation to this, a conceptual exercise has already been provided in part 1 of this deliverable to
demonstrate how the provision of different groups of ecosystem services might variate across
landscape functional units (i.e. spatially) and across hydrological conditions (i.e. temporally).

Moreover, in regions where water scarcity is a concern, the ecological functioning and service supply
of DRNs can have serious implications for water resource management. In this regard, modelling ES
can help understanding the key hydrological processes and the key water availability issues which can
guide decisions on water allocation, water use and water management strategies to ensure sustainable
use of water resources while considering the ecological needs of river ecosystems (Datry et al., 2017,
2018; Messager et al.,, 2021). This exercise can also help identifying areas that are critical for
maintaining key ecological functions and prioritize conservation and restoration efforts. DRNs, where
river channels intermittently dry up due to changing hydrological patterns or human activities, are
ecologically important as they support unique habitats and species adapted to these dynamic flow
regimes. Moreover, modelling ES can help identifying key habitats and areas of ecological importance,
which can inform conservation and management strategies to protect these fragile ecosystems (Du et
al., 2022; Gounand et al., 2020; Leigh & Sheldon, 2009). DRNs also support high biodiversity, and
dryness characteristics can have significant impacts on aquatic species and their habitats. All this
information can aid in the development of conservation strategies for protecting vulnerable species
and maintaining ecosystem resilience. In relation to Climate Change Adaptation, dry periods are
expected to become more frequent and severe due to climate change. Finally, ES characterization can
also assist in the development of climate change adaptation strategies, such as identifying areas that
are likely to be most affected and implementing measures to buffer climate change impacts.

Thus, in this second part of the deliverable we aim at modelling a diversity of ecosystem services
provided by the catchment and the DRN that are supposed to be affect by climate change. The
methodological approach proposed in here follows the fundaments, assumptions and spatial units
drawn in the first part of the deliverable, but are adapted to the availability of existing data in the
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project or in global databases. The selection process involved (described below) six different
ecosystem services: Water provision, drought regulation, flood regulation, erosion regulation, thermal
regulation and carbon emissions. In relation to water provision this ES refers to the amount of water,
in terms of quantity and quality, provided by freshwater ecosystems for consumptive use and for non-
consumptive use (MME, 2005). Water provision is now well beyond levels that can sustain current
demands (MME, 2005), and given its straightforward dependency on precipitation and
evapotranspiration patterns and how water is routed in the catchment, this situation is predicted to
worsen under the future climate change scenarios, bringing dramatic consequences for human
populations. Secondly, drought regulation is related to the hydrological response of the catchment,
linked to the potential to store or hold water and subsequently contribute to water availability over
time (De Groot et al., 2002; Haines-Young & Potschin, 2018), which confers resilience to the catchment.
In the context of human population growth and increasing extreme climate events, especially rising
temperatures and more unpredictable precipitation patterns, drought is becoming more frequent and
severe, increasing pressure on water availability and affecting multiple aspects of human life. Thirdly,
flooding regulation is the capacity of the catchment ecosystems to reduce and mitigate the impact of
extreme precipitation events, i.e. floods, in the downstream parts of the catchment. Flood regulation
is becoming increasingly important in the current context of climate change, with the frequency and
intensity of floods continuing to rise, because of its relation to the protection of human societies,
infrastructure and ecosystem functions. Fourthly, erosion regulation constitutes the role that
ecosystems and vegetation play in retaining soil or avoiding soil being eroded as a result of wind or
run-off water (Burkhard & Maes, 2017). Accelerated soil erosion is a serious concern worldwide, and
it is difficult to assess its economic and environmental impact accurately because of its extent,
magnitude, rate and the complex processes associated with it (Erkal & Yildirim, 2012). The impact of
natural hillslope processes is important and is currently strongly influenced by human activity due to
land use change and vegetation removal and is becoming even greater due to climate change (Van
Beek et al., 2008). Fifthly, thermal regulation refers to the potential effect of diminishing the incident
solar radiation in the river by the shadow cast by riparian forests. Overall, estimating this ES on a river
reach involves combining data on terrain elevation, riparian forest type and location, orientation of
the river reach and sun angle and position. Finally, carbon emissions from rivers to the atmosphere
depend on in-stream metabolism and groundwater transport of CO, from terrestrial ecosystems.
Globally, it is estimated to be ~ 1.8 Pt annually and is likely underestimated as non-perennial river
networks are not integrated in carbon evasion calculations (Marcé et al., 2019; Raymond et al., 2013).
Moreover, change carbon emissions from rivers may increase under climate change conditions due to
higher temperatures and longer and more severe drying events. In conclusion, modelling ecosystem
services in DRNs and their catchments is crucial for improve our understanding of the ecological,
hydrological and socioeconomic implications of climate change.

The main objective of this report it to estimate the provision of six regulatory ecosystem services to
inform landscape planning measures in the face of climate change. The modelling of these six ES will
constitute a practical framework for understanding the multifaceted nature of ecosystem regulation
in the face of climate change. The work developed will allow to provide valuable insights for effective
management and conservation strategies at various scales such as entire catchments, river networks
and functional units across the landscape (see Part 1 of this deliverable). By incorporating this
comprehensive understanding of ecosystem services into landscape planning, participatory
approaches or decision-makers can make informed choices and develop sustainable strategies that
promote resilience and adaptability. This holistic approach recognizes the interconnectedness of
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ecosystems and the crucial role they play in maintaining the health and functionality of river
ecosystems. Overall, this idea holds great potential for supporting landscape planning efforts, fostering
ecosystem conservation, restoration and effectively addressing climate change challenges.

Regulatory ecosystem services

The selection of ES to be modelled within DRYVER followed 3 sequential steps. First of all, we generated
a full list of potential ES that could be generated by the river network and the whole catchment for
each of the six case studies. The list of ES was produced following the codes and nomenclature of the
CICES version 5.1 (Haines-Young & Potschin, 2018). Secondly, we handed those lists to the case study
leaders so that they could score the importance of the provisioning of those ES within their
geographical context. Case study leaders could only cast their votes through a low, medium, high rank.
These ranks were later transformed into one, two and three ordinals, and they were normalized for
each case study (i.e. not everybody used H or L with an even frequency). Later, the average importance
of each ES was calculated by summing up the scores across the six case studies (Figure 1).

Riverine Catchment
3121 3111
3222 3222
3111 3121
3111 3111
3111 1131
2261 2213
2213 4221
4211 113
2251 3212
2231 2211
2223 1222
4212 2261
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1211 1152
P 2242
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2111 1161
4213 2111
2112 2282
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Figure 1. Average score for the importance of ecosystem service provisioning across the different case studies. The ES that
received a higher average score than 6 are the following: Food production (1.1.1.1), Milk or meat production (1.1.3.1),
Conservation of the fish genetic pool (1.2.2.2), Conservation of the wild animal genetic pool (1.2.2.2), Soil erosion
protection (2.2.1.1), Reduction of flood risks (2.2.1.3), Conservation of nursery habitats (2.2.2.3), Regulation of invasive
species or pests (2.2.3.1), Nutrient assimilation (2.2.5.1), Carbon sequestration (2.2.6.1), Recreational activities (3.1.1.1; 4t
in Riverine and 1t in Catchment), Sport fishing (3.1.1.1; 5t in Riverine), Tourism (3.1.1.1; 3" in Riverine and 4t in
Catchment), Education and research on Nature (3.1.2.1), Traditions and myths related to natural locations (3.2.1.2),
Personal satifaction-Bequest value (3.2.2.2), Water for irrigation (4.2.1.2) and Water for human consumption (4.2.2.1).

Finally, in the last step we evaluated which of the above ES could be calculated within the DRYVER
context. This meaning that the required datasets were going to be available from the previous Working
Packages and tasks, so as to cover a meaningful list of ES related to the DRYVER central issues (e.g. the
effects of Climate Change and drying). The final selection included 6 Ecosystem Services encompassing
Water provisioning, Hydrological regulation, Erosion regulation, Thermal regulation and Carbon
emissions (Table 1).
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Table 1. Selected ES to be modelled within the project DRYVER. Codes within the Domain heading represent Catchment (C)
and Riverine (R) contexts.

Ecosystem Service Name Type Domain | Inputs
Water provisioning Provisioning C WP1
Drought regulation Regulating C WP1
Flood regulation Regulating R,C WP1
Erosion regulation Regulating R,C WP4
Thermal regulation Regulating R WP3
Carbon emissions (Ecosystem function) | Regulating R WP3

The actual ES models developed across DRYVER DRNs are the following:

Water provisioning.

Drought regulation

Flooding regulation (Hill + Floodplain)

Erosion regulation (Hill + Riparian)

Thermal regulation (shadow cast by riparian forests)
C-Sequestration

o vk wNRE

We briefly explain below the importance of each of the regulatory ES at different spatial levels, ranging
from a catchment level control for 1 and 2, a coupled catchment and river network level (i.e. valley
bottoms and riparian forests) for 3 and 4 and specifically following a riparian network structure with
river reaches with a different vegetation composition across environmental gradients (5 and 6).

The water provisioning service has received increased attention as water is vital to life on earth
(Karabulut et al., 2016) and needed to maintain many critical human activities including water for
domestic uses such as washing and cleaning, water for industry and agriculture and water for
renewable hydropower generation. It is clear that this ecosystem service is at the core of the water-
food-energy nexus (Endo et al., 2017), so mapping and assessing water provisioning in a context of
global and social change, including population growth, globalization and economic growth, is
paramount to detect potential risk for water security and propose sound water resources management
plans. The case of DRN is especially critical, since they are subjected to important spatio-temporal
oscillations in the flow regime, i.e. DRNs usually showed a high seasonal climate variability and some
parts of the river network get dry while other remain flowing. These issues can cause important
contrasts in “when” and “where” this ES can be provisioned. This spatio-temporal variability will
increase in a context of global change.

Drought is the result of a complex interaction between climatic, hydrological and socio-economic
factors at different temporal and spatial scales, aggravated by climate change and the demand of water
for human consumption. The increase in drought events leads to greater pressure on water availability
in the basin, which has a negative impact on society and the environment. Water storage mechanisms
at the catchment level, whether on the surface, subsurface flows or in groundwater, generate flows in
periods of lower precipitation (Mcnamara et al., 2011) contributing to the water availability in the
catchment during such periods. Understanding which areas of the landscape are most suitable for
storing surface water, or which parts enhance local recharge, is particularly useful to improve the
planning and management of the catchment and its water resources. For this purpose, different factors
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involved in the hydrological response of the basin and storage mechanisms have been evaluated, such
as hydrological factors, land cover and land use, and topography, due to their key role in hydrological
regulation. The drought regulation ES developed in this work is a powerful tool for spatially assessing
storage mechanisms in the catchment.

Flood regulation refers to the process of mitigation of flood impacts in certain areas of the catchment,
especially in the most downstream areas. Flood regulation ES is one of the most important ecosystem
services due to its role as protection against extreme meteorological phenomena, particularly in
settled areas or infrastructures. Flood regulation ES are intrinsically related to the hydrological
response of a catchment and hydrological connectivity, and are dependent on topological,
edaphological, geological and biological components as well as the precipitation regime (Nadeau &
Rains, 2007). There are mainly two components in the catchment that are of special concern for their
capacity to reduce and mitigate the effect of floods, the mature forest on the hillsides and well-
preserved floodplains, therefore this ES must be assessed at the catchment control level and at the
floodplain level. Flood regulation in slopes refers to the potential contribution of each cell to the
occurrence and intensity of peak flows, as well as their control by the presence of forest, in order to
prevent flooding downstream. Flood regulation in floodplains refers to the volume of water that could
potentially be temporarily stored in the event of a typical flood that overflows the channel. In the
current context of climate change, extreme weather events are expected to become more frequent
and intense, making the pressure and risk of flooding increase and thus making this ES essential to
preserve ecosystem functions and protect society.

Erosion is the process of carrying away or displacement of sediment by the action of wind, water,
gravity, or ice (Smith & Smith, 1998). In the case of soil erosion by water, both rainsplash and water
running over the soil surface detach and then move the detached particles, but rainsplash is the most
important detaching agent whereas running water is the principal transporting agent (Stolte, 2016).
Most concerns about erosion are related to accelerated erosion, where the natural rate has been
significantly increased by human activity, and the environmental, economic and social impacts derived
from it. The effects derived from erosion processes may take place on-site and off-site. The first include
the loss of soil, the breakdown of soil structure, the decline in organic matter and nutrient, the
reduction of available soil moisture resulting in a decline in soil fertility and in more drought-prone
conditions. Off-site problems arise from sedimentation downstream which may reduce the capacity of
rivers and drainage ditches, enhances the risk of flooding and shortens the design life of reservoirs.
Moreover, sediment is also a pollutant in its own and through the chemicals adsorbed to it resulting in
anincrease of the levels of nitrogen and phosphorus in water bodies and in eutrophication. In addition,
erosion may contribute to climatic change as a consequence of the carbon released into the
atmosphere as CO2 during the breakdown of soil aggregates and clods into their primary particles
(Morgan, 2005). For these reasons, water erosion represents one of the most important and
widespread causes of soil degradation in Europe (Alcamo et al., 2007). The main factors that contribute
to soil erosion are rainfall, erodibility or soil type, absence of vegetation, slope and land management.
In particular, Mediterranean type ecosystems are heavily affected by intense soil erosion processes
due to high rainfall intensities, recurrent droughts, erodible parent materials and a long history of
abuse of soil, water, and vegetation resources (Keesstra et al., 2018). Erosion may also be exacerbated
in the future in many parts of the world because of climatic change towards a more vigorous hydrologic
cycle (Amore et al., 2004; Pandey et al., 2007). Erosion regulation ES makes reference to the ability of
the ecosystems to prevent and mitigate soil erosion (Burkhard et al., 2014). In this sense, vegetation
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can act as a protective barrier between the soil and the natural elements which stimulate erosion or
mass movement by improving slope stability through changes in mechanical and hydrological
properties of the root-soil matrix (Stokes et al., 2008). In particular, forests play the role of Service
Providing Areas (SPA) as trees contribute importantly to control soil erosion by reducing the erosivity
power of precipitation (Burkhard & Maes, 2017). Riparian zone is very important in river management,
because the vegetation in riparian zones carries out important ecological, hydraulic and hydrological
functions, such as sediment trapping to prevent it from entering streams (Sheridan et al., 1999).

Thermal regulation, enabled by the shadow cast by riparian forests, is a crucial factor in maintaining
the health and functioning of aquatic ecosystems (Broadmeadow & Nisbet, 2004). The dense foliage
of riparian trees acts as a natural barrier, casting shadows over the water surface and providing relief
from direct sunlight exposure. This shading effect plays a vital role in mitigating temperature
fluctuations in valleys and streams. By reducing the amount of solar radiation reaching the water,
riparian forests help to regulate water temperature and prevent overheating during periods of intense
sunlight and high air temperatures, especially during hotter summer months, which can prevent
harmful algal blooms, fish die-offs and the survival and reproduction of many aquatic organisms
(Bachiller-Jareno et al., 2019). Shade is also important to create ideal habitat conditions for many
aquatic organisms by helping promoting the growth of aquatic plants, which provide cover and food
for fish and other aquatic organisms (Bonacina et al., 2023). Riparian forests also contribute to cycle
nutrients between the land and water. As a result, less nutrients are needed to support the growth of
algae and other photosynthetic organisms, which can help prevent eutrophication and maintain water
quality. Overall, the shadow cast by riparian forests plays a critical role in maintaining the health and
ecological integrity of river ecosystems, supporting the diverse array of aquatic organisms that depend
on healthy rivers for survival.

Rivers are essential to the global carbon cycle by producing, processing and transporting organic and
inorganic carbon. Organic carbon storage is found in floodplain sediments, riparian vegetation, dead
wood and in-stream biomass. The only strictly fluvial sink of carbon is in-stream biomass, which is
calculated to be the least important due to the high dynamic nature of river ecosystems (Sutfin et al.,
2016). While sediments, riparian vegetation and floodplains are considered carbon sinks, the river
channels are generally heterotrophic and net emiters of inorganic carbon into the atmosphere (Battin
et al., 2023). The inorganic carbon present in rivers has two main origins: 1) internal production due to
the decomposition of organic matter by heterotrophic organisms and 2) external CO; originated in the
surronding terrestrial ecosystems and transported through groundwater to the river. A river emits
inorganic carbon into the atmosphere if the sum of external and internally produced CO, is higher than
the CO; fixated into organic carbon through photosynthesis (Hotchkiss et al., 2015). Until now, carbon
emission studies have focused on perennial streams and rivers, not considering the effect of
intermittent and ephemeral water courses (Raymond et al.,, 2013). Recent studies suggest this
omission may be underestimating the CO, evasion from rivers into the atmosphere as dry sediments
are more heterotrophic than flowing waters (Marcé et al., 2019).

Methodology for modelling ES provision

In this section we describe the different characteristics of the geographical context from each case
study and the methodology performed to estimate the provision of the 6 selected ecosystem services.
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Case study description

The selected ES developed in this report are spatialized across Europe in 6 DRNs representing different
biogeographic and climatic settings at two different scales depending on the ES, whole
catchment/focal DRNs catchments, referred to as:

a. Krka/Butiznica (Croatia; CR). Mediterranean climate. Dry region heavily impacted by climate
change, where most rivers are already affected by drying.

b. Morava/Velicka (Czech Republic; CZ). Continental climate. Region heavily impacted by climate
change where many perennial rivers are shifting towards intermittent.

c. Vantaanjoki/Lepséamaénjoki (Finland; FN). Boreal climate. Region moderately impacted by
climate change, where flow intermittence is currently rare.
Ain/Albarine (France; FR). Temperate climate. Region mildly impacted by climate change
Fekete/Blkkosdi (Hungary;HU). Continental climate. Region moderately impacted by climate
change, where DRNs are becoming common.

f. Guadiaro/Genal (Spain; SP). Mediterranean climate. Dry region heavily impacted by climate
change, where most rivers are already affected by drying.

The flood regulation, erosion regulation, drought mitigation and thermal regulation ES were
performed in the large river basins of the six countries (Krka, Morava, Vantaanjoki, Ain, Fekete and
Guadiaro), while water provisioning and carbon emissions ES were performed in the surveyed DRNs
which are a smaller portion of the larger basins (ButiZnica, Velicka, Lepsamanjoki, Albarine, Bikkosdi
and Genal).

The assessment of climate change effects and more specifically summer drought on river function and
services is of paramount importance in the management of these selected rivers and associated
ecosystems for several reasons that share all case studies. First, we need understanding climate change
impacts on ecosystem function. Climate change has the potential to significantly alter precipitation
patterns and increase the frequency and intensity of drought events. A comprehensive understanding
of the potential impacts on rivers and surrounding ecosystems is crucial for developing appropriate
management strategies that take into account the changing hydrological conditions. At the level of
water resource management, all selected rivers serve as a water resource for various purposes,
including drinking water supply, irrigation or industrial purposes. Drought events associated with
climate change can reduce resource availability and intermittence, jeopardizing further uses and
ecosystem functionality. By assessing these climate change and drought effects, water managers can
anticipate potential water scarcity issues and droughts and implement proactive measures to ensure
sustainable water management practices during river intermittence episodes. Rivers and related
ecosystems support across case studies a wide array of plant and animal species. Climate change and
drought can negatively impact the entire ecosystem by altering water flows, reducing water quality
and disrupting ecological processes. Assessing their effects will allow us to identify vulnerable areas
and develop conservation strategies to protect the ecological integrity of the rivers and its associated
habitats. There also exist socioeconomic considerations, since selected rivers may play a significant
role in supporting local economies through tourism, recreational activities and fisheries. Climate
change and drought can disrupt these socioeconomic activities by altering the river's characteristics
and availability of water resources, so there is a need for understanding the potential socio-economic
impacts that may affect the development of adaptation measures to minimize negative consequences
on local communities and economies. Finally, at the level of planning and adaptation, an effective
management of the river basins and riparian networks selected may require long-term planning and
adaptation strategies, so we need essential information of climate change-related drought effects for
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incorporating climate resilience into management plans. By understanding future climatic scenarios
and their implications, decision-makers can implement adaptive measures such as water conservation
practices, water demand management and ecosystem restoration initiatives.

In this context, the assessment of regulatory ecosystem services has been conducted at different
spatial levels on which they may affect ecosystem functionality and on which we can apply adaptive
solutions based on nature and intelligent spatial planning. Those ES related to hydrological flows (i.e.
drought and flooding regulation), erosion regulation and thermal regulation have been evaluated for
the whole catchment. Water provisioning and carbon sequestration ES have been evaluated for the
focal DRNs. Figure 2 shows the whole and focal catchments, altitudes and river networks for all case
studies of the DRYVER project. Table 2 shows a summary of the main factors involved in the assessment
of ecosystem services.

Figure 2. Overview of case studies included in the ES assessment for the DRYVER project showing the complete catchments
(black), focal DRN catchments (white), altitudinal regime and river networks for; a) Croatia, b) Czech Republic, c) Finland, d)
France, e) Hungary and f) Spain.
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Table 2. Summary of key factors of the DRYVER project’s ES assessment. The Range for altitude, precipitation and
temperature is calculated across tributaries.

CZECH
CROATIA R FINLAND FRANCE HUNGARY SPAIN
ALTITUDE (m)

RANGE 38-1814 163 — 1487 7-161 209 - 1662 88 - 607 0-1766
MEAN 478 404 77 671 154 551
AREA (km?)

CATCHMENT
(FOCAL DRN) 1915 (325) 9435 (214) 1666 (208) 3647 (350) 1784 (190) 1480 (336)

RIVER NETWORK LENGTH (km)

2739.03 8695.18 2327.01 4070.26 2406.37 1501.20

ANNUAL PRECIPITATION (mm)

RANGE 759 — 1264 533 — 1090 622 — 688 9591576 605 — 715 677 — 889
MEAN 937 652 659 1219 659 752
ANNUAL MEAN TEMPERATURE (°)

RANGE 4.8-14.9 1.7-9.45 3.8-5.2 45-11.4 9.1-11.4 10.4-17.8

LAND USE AND LAND COVER (LULC) (%)

URBAN 1.07 7.49 17.21 3.25 5.25 8.78
BARE 3.76 - - 0.13 - 10.61
AGRICULTURE 19.91 47.44 27.85 10.25 56.55 9.24
GRASSLAND 25.66 8.55 0.04 21.38 6.15 9.02
SHRUBLAND 6.30 0.01 - 0.05 - 15.29
WATER 0.51 0.3 213 1.27 1.07 -
CONIFEROUS 1.70 15.08 13.84 17.42 0.29 4.68
FOREST 41.10 21.13 38.93 46.25 30.68 42.39

Ecosystem service characterisation

Below we explain in detail the methods and datasets used for estimating the provision of each of the
six selected ES. We also comment on the limitations and findings of each approach.

Water provisioning

The ES water provisioning is directly related to the hydrological response of the catchment, as a result
of the movement of water through the catchment from a precipitation event to the river network. In
DRYVER, the ES water provisioning refers to the amount of superficial water circulating (i.e. available)
at a given time in the river network. This means that, other water sources, as groundwater, or water
stored in lentic aquatic ecosystems, e.g., lakes, ponds or reservoirs, have not been considered. The ES
water provisioning is directly related to the hydrological response of the catchment, as a result of the
movement of water through the catchment from a precipitation event (Park et al., 2011) to the river
network.

Background hydrological information

The ES water provisioning is based in the analysis of the simulated discharge generated for each reach
of the six DRN in WP1 for the period 2005-2022 (Kiinne et al., 2022). In summary, WP1 developed a
hybrid hydrological modeling approach to simulate daily discharge in the six DRNs. This approach is
based on the JAMS/J2000 modeling system/hydrological model, running at a daily time-step. As a first
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step, WP1 collected, analyzed and selected the required data to set-up the physical-based model. In a
second step, these models were calibrated and validated using long-term (at least, 20 years)
streamflow data. ) streamflow data (Kiinne et al., 2022).

Regarding the first step, WP1 used two types of data: 1) dynamic hydro-climatic time-series of the last
20 years and 2) static spatial topographical, pedo-lithological and land use land cover (LULC) data. The
first group of variables were based on the reanalysis of ERA5-land series to provide daily series of
precipitation, air temperature and reference evapotranspiration. Additionally, daily discharge data
recorded at gauge stations for the six DRNs were collected to calibrate and validate the hydrological
model. The second group of variables was used to delineate the modeling entities and deriving bio-
physical information for the mathematical calculation of hydrological processes. For the delineation of
modeling entities, the concept of Hydrological Response Units (HRUs) and stream segments (reaches)
as well as topological routing was used. The HRUs and the synthetic river networks delineated were
constrained by the DEMs used for each DRN and validated using the reference river networks provided
by the DRN leaders. Besides, bio-physical information was used to calculate plant-based processes (e.g.
evapotranspiration) and soil water processes (e.g. infiltration and groundwater processes). This
information included topographical variables (extracted from the DEMs), soil classes and parameters
(adapted from the European Soil Database v2.0), LULC (based on Corine Land Cover version 2020_20ul
Level 3 to establish LULC classes and different extra sources to adapt associated parameters) and
hydrogeology (based on International Hydrogeological Map of Europe and different literature
references to parametrize the groundwater component in the models).

Before moving to the step 2 (model calibration and validation), WP1 defined the model structure. In
this regard, the models for the six DRNs were developed using the process-oriented model J2000
together with the modular object-oriented modeling system JAMS accounting for surface, sub-surface,
and groundwater flow from hillslopes into the stream and along stream segments until the outlet.
Modifications from the standard J2000 hydrological model were made for DRYVER using a specific
evapotranspiration and snow modules. Additionally, adaptations were made in the French DRN to
account for the influence of the Vouglans hydroelectric dam.

Finally, several techniques were used to calibrate the hydrological models of the six DRNs to find the
optimal models and gain a wider perspective of the model’s sensitivity, parameter interactions, and
uncertainty by investigating hydrological process patterns. These techniques included the calibration
of snow parameters and discharge, including both calibration of snow parameters and discharge.

After these processes WP1 provided discharges in m3/s at daily time step for the period 2005 to 2022
for all the DRN reaches. According to the WP1, the multi-gauge, multi-objective validation of the six
models showed satisfactory to good model performances for all DRNs. Finally, it should be remarked
that future hydrological datasets incorporating different climate change scenarios could be easily
added to this characterization approach.

Spatio-temporal analysis of ES water provisioning

In order to report the ES water provisioning, we conducted an analysis of the water availability (hm?3)
in each DRN by selecting a representative number of river reaches, both perennial and non-perennial,
grouped by their contributing catchment area. In addition, we considered two contrasting seasons
(wet and dry) to report water availability. In summary, the ES water provisioning analysis followed the
following procedure:

1. Reach selection: Given that the contributing area to a river reach is a critical factor
determining the river reach discharge we segregated each DRN in three types of reaches:
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headwater, middle and lowland reaches. This segregation was based in the distribution of
frequencies of the river reaches according to their catchment area.

In order to represent the three types of reaches while avoiding introducing a large
variability in the analyses we defined headwater, middle and lowland reaches as those
corresponding to the percentiles 25, 75 and 90, respectively. Once these percentiles were
calculated we selected all the river reaches within = 20% of these values to select a
representative number of reaches in each size category for further analyses.

2. Reach correspondence: We defined the correspondence between the river reaches of the
fluvial network created in WP1 (defined above) and the synthetic river network created
with NetMap under WP4. Networks developed in WP1 and WP4 did not have the same
river reaches, preventing a 1:1 assignment. To solve this problem, we followed several
strategies to generate the best relationships between identifiers in the two networks. The
basic criteria for the assignments have been the distance from one network to another.
However, there were 1) areas where networks were similar but the automatic assignment
process did not work correctly and ii) areas where the networks showed large
discrepancies. In those cases, the automatic transfer was manually checked and corrected
when needed.

3. Segregation of reaches according to flow intermittency: Based on the flow series
transferred to the selected reaches, we segregated them based on their perennial (PR) or
non-perennial (NPR) character. PR river reaches were defined as those with more than
95% of the days in the discharge daily record (over 17 years) with flowing water while NPR
were defined as those with less than 75% of the days with flowing water. These thresholds
were defined in order to observe the differences in water provisioning between PR and
NPR.

4. Quantification and assessment of water provisioning: For the six groups of selected
reaches (3 catchment size classes x 2 types of perennial character), we calculated the total
water resources (hm?3) for each year of the flow series (sum of daily flow estimates in a
year). In addition, aiming to observe potential intra-annual variability of this ES, we
calculated the total water availability for two contrasting hydrological seasons: wet season
(January-March) and dry season (July to September).

Flood regulation

The precipitation regime is one of the most important factors determining the amount of water
inflowing in a catchment. However, hydrological responses depend not only on precipitation but also
on other hydrological processes that are controlled by topological, geological, edaphological and
biological characteristics (Nadeau & Rains, 2007). These components determine the water balance in
a given catchment and the water paths into the river network. They are intrinsically linked to runoff,
infiltration, percolation and evapotranspiration processes and, therefore, to the probability of flooding
after an event of intense precipitation. In low regulation-capacity scenarios (e.g. deforested
landscapes), heavy rainfall generates a higher percentage of quick flow, making the rainfall-to-flow
transfer period very short and increasing the probability of flood events. In contrast, when the
landscape incorporates storage compartments (e.g. aquifers, forests, wetlands, floodplains, etc..) a
higher fraction of the precipitation is transformed on slow flow that might reach the river network well
after the precipitation event is over (Mcnamara et al., 2011). In this study, the provision of the flooding
regulation ecosystem service has been linked to two main components of the landscape: natural
mature forest on hillslopes and well conserved floodplains.
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Forests are key habitats for maintaining key ecosystem functions relevant to aquatic ecosystems, such
as modifying soil structure, allowing better infiltration and water retention, maintaining more stable
runoff levels during the drying season (Watson et al., 2018), playing a decisive role in the overall water
cycle by balancing infiltration—evapotranspiration—runoff and reducing soil erosion and sediment
transport towards receiving streams (Neary et al., 2009). Specifically, some studies have shown how
catchments with more than 30% of mature forest have higher hydrological stability, i.e. lower peak
flows and higher base flows (Belmar et al., 2018). Therefore, the presence of mature forests on
drainage slopes is considered a relevant factor in the provision of ES related to flood regulation. In
relation to the second component, the lateral connection between the river and its floodplain naturally
reduces flooding in downstream areas by laminating peak flows, allowing overflow and, thus,
smoothing the flood wave. Again, vegetation, especially floodplain forests, also play an important role
in storing water during floods by increasing the roughness of the floodplain, which in turn increases
the residence time of water on the floodplain (Dadson et al., 2017).

For the assessment of the flood regulation ES, we divided the study areas into a set of functional units
(see first part of this report). In this case, we used drainage wings, which are adjacent slopes draining
into each river segment individually, and valley bottom areas (i.e. floodplains; Benda et al., 2007). The
use of these functional units allows transferring digital information to the relevant spatial units in
which the ES provision is generated.

Flooding regulation in slopes

We assessed the flood regulation ES through the potential capacity of a hillside to generate surface
runoff, as the path of water through the different biophysical components of the catchment
determines the spatio-temporal pattern of floods and drought episodes. The potential of a hillside to
generate runoff has been considered based on the abiotic factors that primarily control infiltration at
the hillside scale (Hopp & McDonnell, 2009): slope and soil permeability. In addition, according to
Maetens et al., (2012) areas with high annual rainfall tend to have a more even distribution of rainfall
throughout the year, leading to seasonal soil saturation and a higher probability of producing runoff
(Ponce & Hawkins, 1996). With these components, we constructed a Hydrological Regulation Index
(HRI) that considers the contribution of each cell to the frequency and intensity of peak flows, as well
as their potential mitigation by vegetation. On the one hand, the susceptibility to runoff generation
was quantified by considering the process of oversaturation of the soil. For this purpose, we multiplied
the slope by the inverse of the saturated water content of the first soil layer and we normalized it
(factor 1). On the other hand, we incorporated as a second factor (also normalized from 0 to 1) the
formulation of the lateral flow travel time (Terink et al., 2015). According to this formulation, the lateral
flow travel time depends on the field capacity, the water content when the field is saturated, as well
as its conductivity at saturation. As a longer lateral flow travel time will result in a smoother streamflow
hydrograph, we incorporated its inverse value in the index. The HydroSoil v2.0 dataset (Simons et al.,
2020) was used as the source of the data related to soil hydraulic properties used in the spatial
modelling of this ecosystem service, i.e. saturated water content, field capacity, and conductivity at
saturation, at aggregated topsoil level (0-30 cm). Furthermore, as noted above, we also incorporated
the spatial distribution of precipitation as a third factor using a normalized mean annual precipitation
grid. Annual precipitation data were obtained from ERA5Land. Factors 1, 2, and 3 were combined to
generate an index of the potential hydrological response of the catchment. The HRI, ranging from 0 to
1, was obtained for each drainage wing in each case study. A high HRI evidences low regulation
capacity, i.e. precipitation is converted into surface runoff quickly and directly, increasing the risk of
flooding, and decreasing infiltration rates and water supply in dry periods (Martinez-Retureta et al.,
2020). In contrast, lower HRI values represent areas where less surface runoff is generated and the risk
of flooding is lower.
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Finally, we incorporated the capacity of the native forest to regulate flows (i.e., the "sponge effect";
Belmar et al., 2018; Pefia-Arancibia et al., 2019), improving the infiltration capacity of surface soils
(Bruijnzeel, 2004; Ulrik llstedt et al., 2007) and the water retention (El Kateb et al., 2013), and reducing
runoff and slowing down the hydrological response of the watershed. Data from CORINE LAND COVER
2018 were used to extract the natural forest cover pixels. We reclassified the potential hydrological
response of the previously obtained index from these land use and land cover data using the following
rule: if a pixel was covered by natural forest we set the positive value for the index, otherwise we
multiplied the index by -1. Therefore, positive values will be related to the presence of forest and are
proposed to be conserved, as they represent areas where the flood regulation ES is already being
supplied, while negative values (no forest) are proposed as areas to be restored (i.e. potential areas to
generate the service). The results were aggregated at the drainage wing level by averaging the pixel
values. Finally, HRI scores were classified to evaluate the importance of both conservation and/or
restoration actions. The classification was made using the percentiles 25, 50 and 75, where the top
class has the highest priority.

Water storage in floodplains

The regulation of the hydrological response in floodplains was quantified in terms of water storage
capacity, i.e., the volume of water that could potentially be temporarily stored in the event of a typical
flood that overflows the channel (natural connectivity of the floodplain with its respective river
channel). The delineation of the floodplain and the potential volume of water stored during a flood
event were estimated with the "Valley Floor" and "Flood Storage" tools belonging to the NetMap
software (Benda et al., 2007). In this sense, floodplains were delineated using a geomorphological
criterion based on the valley surface at a height of "n" times the bankfull depth of each river channel
(Fernandez et al., 2012). For this project, a multiplicative value of 5 was used as it is related to a flood
of approximately 300-year return period (llhardt et al., 2000). The value of bankfull channel depth was
estimated for each segment of the river network by means of a regional regression between drainage
area, mean annual precipitation and field measurements of bankfull channel depth (for more detailed
information, see Benda et al., (2011)).

The volume of stored water is defined from a reference plane below which water remains temporarily
stored. The reference plane was considered as the average altitude that the water would reach when
the entire floodplain polygon is inundated. In this case, we defined the water level as the average
elevation above the channel of all pixels contained in the floodplain polygon corresponding to five
measurements of bankfull channel depth. Thus, for each floodplain functional unit, the Flood Storage
tool calculated the volume of water stored between the height of the reference plane plus its mean
elevation above the channel segment and the mean altitude of the channel segment. Once the volume
of each floodplain polygon was calculated, they were grouped into larger and hydrologically
independent units following the criteria described in Benda et al., (2011).

Erosion regulation

We contemplate the mitigation of the erosion processes by means of two interrelated processes: a)
the erosion regulation at source prevents soil loss and avoids the generation of sediment that can be
transported (erosion regulation at source in slopes), and b) the erosion filtering process, which retains
part of the particles once the transport flow has started and reduces the amount of sediment that is
finally delivered to the river network (erosion transport and filtering). In both processes, the effects of
the forest as a provisioning element of the erosion regulation ES were considered differently. On one
hand, the presence of forests on hillsides was analysed for the reduction of the amount of sediment
generated by intercepting rainfall and reducing the velocity of runoff. On the other hand, the cover of
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riparian forests was used to quantify the reduction of the amount of sediment delivered to the river
network.

Erosion regulation in slopes

Erosion in the form of landslides, gully formation, and surface erosion is driven by slope and
topographic convergence (Sidle et al., 1985). Thus, the erosive potential in a given catchment and the
probability of sediments reaching the fluvial network and other bodies of water were estimated by
applying a dimensionless topographic index on a 5 m resolution DTM. This index uses slope and
topographic convergence following the relationship proposed by Miller & Burnett (2007):

GEP = (Al *S) / b;

where GEP is the generic erosion potential (from 0 to 1), bi is a measure of local topographic
convergence (the length of an elevation contour traversed by the flow of a pixel i, where lower values
imply a converging slope), Al is a measure of the local contributing area (within a pixel length) and S is
the local slope. Higher values of the index indicate a greater erosive potential. To calculate the
potential sediment input to the river channels and wetlands, the downward flow path from each pixel
to the first watercourse or water body was plotted. Using the “Delivery” tool of NetMap software, this
process further determines the probability of sediment transfer to the water body associated with its
drainage wing. The calculated probability that the sediment is transferred to each downstream pixel
decreases monotonically as a function of the gradient and topographic convergence. In this sense, the
probability (from 0 to 1) that the sediment reaches its respective riparian zone functional unit was
assigned to the source pixel as a multiplicative factor of the pixel's GEP. Thus, not only the erosive
potential of the drainage wing was estimated, but also the probability that the generated sediment
could potentially be transferred to a river reach.

The effects of the forest were incorporated as a provisioning element of the erosion regulation ES at
source, as they contribute to the reduction of the amount of sediment generated. When a pixel is
covered by a natural forest class, we considered that erosion is much less than in pixels without this
type of vegetation. In this case, the erosion probability (i.e. the GEP) that is avoided at the source by
the presence of tree cover in the pixel was quantified. Furthermore, these pixels do not accumulate
towards the river reach. Thus, the cumulative delivery for forested pixels in each wing informs about
the potential erosion reduction by the forest. On the contrary, the cumulative delivery for the non-
forested pixels in each drainage wing informs about the erosion potential due to the lack of forest.
Prioritization of the functional units was performed by using the 25th, 50th and 75th percentiles of the
cumulative delivery for forested and non-forested pixels independently, resulting in four categories of
drainage wings proposed for conservation and four categories of wings proposed for restoration
respectively.

Erosion regulation in riparian areas

The erosion regulation ES in riparian zones was considered as a filtering capacity of sediments coming
from adjacent hillslopes performed by riparian forests. To estimate this capacity, we previously
calculated the delivery from drainage wings with absence of hillside forest (see above). Thereby, only
delivery values from pixels whose erosion was not reduced by the presence of forest were considered
or, in other words, GEP value potentially delivered to the river reach from the drainage wing lacking
natural forests. This allowed identifying river reaches with potentially higher or lower amount of
sediment reaching the river network.

Firstly, in order to identify the riparian forest, it was applied a GIS-based geomorphologic approach.
According to this, it was established a flood-prone area at 1.25-bankfull depth over the digital elevation
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model so that all forest area within those limits was considered riparian forest. A factor multiplying
bankfull depth of 1.25 was selected as it was the value that best matched the 50-year flood in deep v-
shaped valleys (Fernandez et al., 2012). Secondly, the cover of riparian forest inside each drainage wing
was quantified. It was assumed that those drainage wings dominated by forest (cover > 60%) would
contribute effectively to the provision of the erosion regulation ES in riparian areas (i.e. conservation
of natural features), while the rest of drainage wings (forest cover < 60%) were considered as failing to
provide a satisfactory level of this ES (i.e. restoration of natural features). Finally, both groups
(conservation and restoration) were prioritized based on the 25th, 50th and 75th percentiles of the
GEP value potentially delivered to the reach from the drainage wing.

Drought mitigation

The drought regulation ES was considered as a balance between the water inputs and outputs in a
catchment and the surface and groundwater storage potential. The amount of water inflow is largely
influenced by the climate pattern, specifically precipitation, while the amount of water outflow is a
function of the loss by direct surface runoff (known as quick flow) and evapotranspiration. In this sense,
the estimation of drought regulation potential in a given catchment could be related to the
identification of landscape areas where (1) surface water could potentially be stored (e.g. in wetlands,
lakes or ponds) or where (2) infiltration is maximized, so that slow flow and groundwater recharge
processes are favored.

Surface Storage Index

The potential of a catchment to store surface water is related to certain characteristics that allow
retaining water in times of precipitation and releasing it later when drought events unfold. Vegetation
cover, soil type, and topography are the main factors related to this functionality (De Groot et al.,
2002). The proposed method consisted in building an index that evaluates the suitability of the terrain
for surface water retention and storage. This index considers the topographic wetness index (TWI), the
slope and plan curvature, the land use and land cover and the intensity of precipitation.

Slope, plan curvature and TWI are topographic variables and they were all calculated from 25 m spatial
resolution DEM (EU-DEM: Digital Elevation Model over Europe - https://land.copernicus.eu/). TWI is
widely used as a proxy to identify areas that accumulate soil moisture (Kopecky et al., 2021). This index
is derived from a DEM according to the equation proposed by Beven & Kirkby, (1979):

TWI = lnm
where a is the upslope contribution area that drains into a specific cell, calculated using a flow
accumulation algorithm per unit contour length and the local slope defined as the slope between the
focal cell and a cell further downslope (i.e. tan Slope; Gruber & Peckham, (2009). Therefore, TWI is an
approximation of upslope water supply and downslope water drainage (Beven & Kirkby, 1979), where
higher values would mean higher relative soil moisture. In relation to slope, we divided this variable in
two categories: slopes less and greater than 15°, since slopes greater than 9% (=15°) have been related
to lower flow residence times and higher probability of quick flow. Following, plan curvature is a
variable related to the behavior of surface flow and water content in the soil and it relates to the
curvature of the ground in a vertical plane (Burt & Butcher, 1985). Negative values represent surfaces
where the flow converges thus generating accumulation.

Land use and land cover also influence the soil moisture conditions and water availability in the
catchment. The forest has a flow-regulating behavior since it acts as a "sponge" that absorbs water
during rainy periods and releases it during dry periods (Belmar et al., 2018; Bruijnzeel, 2004; Pefa-
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Arancibia et al., 2019). This contributes to water retention and the maintenance of base flows. For the
characterization of this ES we used CORINE LAND COVER 2018 data. Finally, precipitation is considered
as the indicator of the potential magnitude of storage and it was added as mean annual precipitation.

The storage capacity index has been constructed for each DRNs, as a combination of the variables
considered. First, each variable was transformed to a common scale from 1 to 10, based in its suitability
holding surface water, where values of the variable that are most preferred were assigned to higher
suitability values. TWI and precipitation variables were transformed using a linear function, scores
from 1 to 10 were progressively assigned as the values of the variables increased. Slope was reclassified
in 2 classes, where slopes less than 15° were assigned to a suitability of 10 and slopes greater than 15°
had a value of 1. Plan curvature was also reclassified in 2, negative values were rated as 10 and positive
values as 5. LULC data was transformed using their unique categories, i.e. forest and water patches
had a suitability value of 10 and urban land use a value of 1. Once all the variables were in a common
scale they were combined, using the same weight for all the variables. Finally, the index generated was
normalized to obtain it ranging from 0 to 1, where higher values of the index represent areas more
suitable for hosting surface water. The results have been transferred to each drainage wing to identify
the landscape areas where solutions related to water retention and storage could potentially be
implemented (e.g. generation of ponds, wetlands, etc.). Drainage wings have been prioritized based
on their potential to store surface water, using the percentiles 50 and 75.

Local Recharge Index

The drought regulation function has also been approximated through the calculation of a local
recharge index that allows identifying landscape areas that can contribute to higher groundwater
recharge. Local recharge is defined as the part of precipitation that infiltrates the soil and contributes
to subsurface and underground water flows. Both types of flow are related to the hydrological
response of the catchment. Moreover, the underground water flow or base flow are the most
important contribution to river surface flows during the dry season. In this work, local recharge has
been calculated using the Seasonal Water Yield model that is part of the inVEST (Integrated Valuation
of Ecosystem Services and Tradeoffs; Sharp et al., (2019) software. The data required to run the model
are a DEM, monthly precipitation and evapotranspiration maps, LULC maps, hydrological soil groups,
area of interest (basin), biophysical table with crop coefficients (Kc) and curve numbers (CN) for each
class of LULC and hydrological soil group and precipitation events tables (table 3).

Table 3. InVEST model inputs for all the case studies.

Model inputs Source
DEM 25 m spatial resolution EU-DEM (https://land.copernicus.eu/)
Precipitation WorldClim (Fick & Hijmans, 2017, available in https://www.worldclim.org/)
ETo Calculated according to Hargreaves equation (Hargreaves & Samani, 1985)

from WorldClim data (Fick & Hijmans, 2017)
https://doi.org/10.1002/joc.5086

LULC CORINE LAND COVER 2018 (https://land.copernicus.eu/)
Soil hydrological groups HiHydrosoils (Simons et al., 2020)
Biophysical table Kc values: FAO guidelines (Allen et al., 1998)

CN values: USDA Handbook Chapter 9 (https://directives.sc.egov.usda.gov/)
ERASLand (https://climate.copernicus.eu/)

Precipitation events

Kc and CN values used in the model are shown in tables 4 and 5. Due to the lack of specific and detailed
information about the LULC classes and their biophysical properties, average and standard values were
selected for each class from recognised global data sources, following the recommendations of the
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model developers. Kc values were obtained from the FAO guidelines (Allen et al., 1998). CN values for
water bodies were set to 99 according to the model guidelines, for the other LULC classes values from
the USDA Handbook (NRCS-USDA, 2007 Chap. 9) were used.

Table 4. Kc values used for LULC classes in the inVEST model.

LULC Kcl Kc2 | Kc3 | Kc4  Kc5 | K6  Kc7 | Kec8 | Kc9 | Kcl0 | Kcll @ Kcl2
UBAN 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
BARE 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

AGRICULTURE | ¢ 7 0.7 0.7 105 | 105 | 105 | 105 |095 |095 |o095 0.95 0.7
GRASSLAND 0.3 0.3 0.3 075 075 |075 |075 | 075 | 075 |0.75 0.75 0.75

SHRUBLAND | o35 | 035 | 035 |1 1 1 1 1 1 0.5 0.5 0.5
WATER 1 1 1 1 1 1 1 1 1 1 1 1
CONIFEROUS | 1 1 1 1 1 1 1 1 1 1 1 1
FOREST 0.5 0.5 0.5 0.9 0.9 0.9 0.9 0.9 0.9 0.65 0.65 0.65

Table 5. CN values used for LULC classes in the inVEST model.

LULC CN.A CN_B | CN_C CN_D
URBAN 98 98 98 98
BARE 77 86 91 94
AGRICULTURE 67 78 85 89
GRASSLAND 49 69 79 84
SHRUBLAND 55 72 81 88
WATER 99 99 99 99
CONIFEROUS 44 58 73 80
FOREST 30 55 70 77

The model generates 3 main outputs; quick flow (QF), local recharge (L) and base flow (B), more
complete information on these outputs and a series of other intermediate products, as well as the
methods to calculate each of them, can be found in the InVEST user manual (Sharp et al., 2019). To
estimate the drought regulation ES, we used the generated local recharge map (Li) in mm, calculated
according to:

Li (mm) = Pi - QFL — AETl

where P;is the annual precipitation; QF; is the annual quick flow and AET; is the current annual
evapotranspiration, all of them for each pixel of the landscape. Although this model gives the results
in mm, results must be interpreted as relative values (i.e spatial indicators) and never as absolute
values. Finally, the results obtained through this index have been incorporated into each drainage wing
by calculating the average value. Moreover, the presence of forests plays an important role improving
infiltration and water retention (Bruijnzeel, 2004; lIstedt et al., 2016; lIstedt et al., 2007), helping to
generate a slower hydrological response of the catchment. To acknowledge this, we identified
drainage wings dominated by natural forest (those with more than 60% natural forest) and regarded
them as contributing effectively to the generation of the drought regulation ES (i.e. conservation of
natural features), while the others were considered as failing to provide a satisfactory level of the ES.
In this later drainage wings, we considered that it would be necessary to carry out specific actions to
favor infiltration. Values of the local recharge index were classified according to percentiles 50 and 75
and the percentage of natural forest within the drainage wing. We obtained 3 classes of prioritization
independently for both, con conservation and other actions.
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Thermal regulation

The thermal regulation ES is represented by the potential effect that the shadow cast by riparian forest
might produce on diminishing the solar radiation incident in the river water. Overall, estimating the
shadow cast by riparian forests on a river reach involves combining data on terrain elevation, riparian
forest location, orientation of the river reach and sun angle and position. This estimation is made in a
GIS environment by running several steps. First, we need collecting all necessary data for each DRN,
including the (DEM), location and shape of riparian forests and sun angle (i.e. months for performing
the calculation). By processing the DEM we generate a shaded relief map to be used to visualize terrain
and identify areas that are likely to be shaded. Then, we conduct specific analysis to map the area
occupied by riparian forests in order to identify its extent and averaged elevation. This information will
be used to calculate the shadow cast by the trees. We need also to determine the angle and position
of the sun during the time period of interest that will be in this case summertime (i.e. months of June,
July and August). Finally, we create a map of the shadow cast by the riparian forest, which can be used
to identify areas that are shaded and to plan management activities of restoration and conservation.

By grouping these steps in overall concepts, thermal regulation is performed in three stages:

1. Calculating solar radiation for each entire DRN using a DEM and DSM (Digital Surface Model)
that involves elevating riparian forests where they have been mapped. A DSM is a digital
representation of the surface of the earth and includes all features such as trees, buildings,
and other above-ground structures.

2. Extracting solar radiation to valley bottoms with and without riparian forests elevation
simulation.
3. Calculating the radiation reduction (thermal regulation) by shadow cast of riparian forests

across valley bottoms.
1) Solar radiation calculation.

Solar radiation or insolation has been calculated based on methods from the hemispherical viewshed
algorithm developed by Rich et al., (1994) and further developed by Fu & Rich, (2000) and Fu & Rich,
(2002)The total amount of radiation calculated for a particular area is given as global radiation. It is
calculated as the sum of direct and diffuse radiation of all sun map and sky map sectors, respectively.
The calculation of direct, diffuse and global insolation are repeated for every location (i.e. pixel) on the
topographic surface, producing insolation maps for the entire geographic area with the same
resolution than the DEM (i.e. EUDEM of 25m pixel size).

2) Extracting solar radiation to valleys with and without riparian forests.

Most of natural and semi-natural ecosystems in Europe are exposed to a variety of threats, such as the
intensification and industrialization of agricultural and forestry land uses, the abandonment of
traditional farming activities or urban sprawl. Therefore, land use and land cover (LULC) mosaics are
highly dynamic at varying spatio-temporal scales and need to be assessed for large territories and
though time. At this regard, during recent decades, an increasing number of spatially-explicit
methodologies have been developed to provide a better knowledge of past-to-present land cover
changes at a regional scale. Many of these methods are based on remote sensing (RS) data and
techniques for image classification and assessment, such as Landsat and Sentinel 2 imagery subjected
to supervised classification based upon ground control and training datasets (Alvarez-Martinez et al.,
2018; Alvarez Martinez et al., 2011), since they provide regional data at different temporal scales with
low collection effort. Resulting maps allow defining LULC classes over a landscape matrix of different
nature that will be driven, on their temporal dynamics, to former drivers of change such as climate
dynamics and land use. In Europe, Corine (Coordination of Information on the Environment) Land




93

Cover maps are highly useful for assessing landscape structure across the whole territory and through
time (BUttner et al., 2004). These maps provide detailed information about the different land cover
types and their spatial distribution across the continent. Corine Land Cover (CLC) maps utilize a
comprehensive and standardized classification system that covers a wide range of land cover types.
This classification system allows for consistent and comparable analysis of land cover patterns and
changes across different regions and countries in Europe. It provides a common language and
framework for understanding the composition and arrangement of land cover types within the
landscape, characterizing and monitoring the spatial arrangement and configuration of land cover
types. In this work, we mapped LULC by refining CLC mosaics of the year 2018 by combining existing
forest patches with NDVI values obtained from a time series of Sentinel 2 imagery for the years 2018
to 2020.

As explained previously, the calculation of ES provision in this work has been assessed by splitting the
territory in a set of functional units. We include among them the valley bottom areas (i.e. floodplains;
Benda et al., (2007). The use of these functional units allows transferring digital information to the
relevant spatial units in which the ES provision is generated. The delineation of the floodplain was
calculated by using the NetMap software (Benda et al., 2007) using a geomorphological criterion based
on the valley surface at a height of "n" times the bankfull depth of each river channel (Fernandez et
al.,, 2012). For this project, a multiplicative value of 5 was used as it is related to a flood of
approximately 300-year return period (llhardt et al., 2000). The value of bankfull channel depth was
estimated for each segment of the river network by means of a regional regression between drainage
area, mean annual precipitation and field measurements of bankfull channel depth (for more detailed
information, see Benda et al., (2011).

Accurate information about ground elevation and canopy height are of great use in various scientific
fields (Adam et al., 2020). Although heights can vary depending on location and environmental
conditions, some studies have determined that riparian forests in Europe can range from 18.4 meters
to 30.7 meters in height. Seidl & Lexer, (2013), analyzed data from 14 European countries and found
that the average value for riparian forests in Europe ranged from 18.4 meters in Belgium to 30 meters
in Norway. In this work, we used 20 meters height as an averaged estimate for riparian forests tree
height across DRNs that fit better our study areas of interest. This value was added to the original DEM
of 25 meters pixel size in those locations (i.e. pixels) across valley bottoms or floodplains with riparian
forests, corresponding to broadleaved forests mapped for each DRN.

3) Radiation reduction (thermal regulation) by shadow cast of riparian forests.

The calculation of the radiation reduction because of shadow produced by riparian forests is calculated
by subtracting the original radiation calculated with the DEM with no vegetation elevation and with
the DEM by adding 20-meter height to all pixels with mapped broadleaved forests (i.e. 20 meters
height for forests mapped across valley bottoms). As a first stage, this calculation is made at the pixel
level. Subsequently, data has been transferred to all functional units intersecting the valley bottoms
defined below and corresponding to drainage wings, which are adjacent slopes draining into each river
segment individually, and the functional units that divide the valley bottom areas.

The units of solar radiation are expressed in Watt-hours per square meter per day (Wh/m?/day),
referring to the amount of energy that is received from the sun. The output for this ES is a raster dataset
that represents the estimated amount of solar radiation received by each pixel in the study area, in
units of Wh/m?2/day with values transferred to the functional units defined across the valleys.
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Carbon emissions

Carbon sequestration is a very important ES in the actual scenario of climate emergency (Le Quéré et
al., 2009; Raymond et al., 2013). This ES is related to the amount of inorganic carbon that an ecosystem
might be able to fix. However, carbon sequestration is rather difficult to be estimated in rivers, as
biomass estimation and phydsiological rates of organisms within this very dynamic ecosystem are very
difficult to be obtained for entire river networks. Having this in mind, we assume that carbon
emissions from rivers have an organic control through the physiological rates of the many organisms
inhabiting river ecosystems (Battin et al., 2023; Hotchkiss et al., 2015). We consider carbon emissions
as an ecosystem process and not an ES, however, modelling carbon emissions to entire river networks
is usefull to infer the main drivers of carbon dynamics. The identification of these factors could cast
light on the best management practices to reduce carbon emissions.

In this section, we describe the methodological steps followed to model the spatial and temporal
dynamics of carbon emissions in the six DRNs during the three drying phases (pre-dry, dry and post-
dry) using Dry CO; flux and Wet CO; flux data.

CO; flux measurements
1) Field sampling

For each DRN, site and sampling campaign, in situ CO; fluxes were determined in flowing waters and
the dry riverbed (when present). For each habitat, measurements were made at 5 locations selected
randomly within the river reach. CO; fluxes were measured with a floating or dry closed-loop chamber
coupled to an infra-red gas analyzer (Picarro GasScouter™ G4301 Analyzer in Ain-Albarine and
Vantaanjoki-Lepsamanjoki, CO, and concentrations recorded every second; IRGA EGM-4 CO; Gas
Analyzer in Guadairo-Genal and Morava-Velicka, CO, concentration recorded every 4.7 seconds; LGR-
ICOS™ GLA131-GGA in ButiZnica and Fekete-Blikkosdi, CO, concentrations recorded every second). For
each flux measurement, the gas concentration inside the chamber was recorded over 5 minutes. Under
flowing conditions, the floating chamber was placed at the water surface, avoiding extremely turbulent
areas to prevent its lifting and ensure the sealing. In dry conditions, a metal corer was used to insert a
plastic collar (~2-5 cm depth) on which the dry chamber was placed. For dry riverbeds whose texture
prevented the insertion of the metal corer, the collar was sealed to the dry surface using pottery clay
to avoid any air exchange between the chamber and the atmosphere during the measure. Chambers
were aerated until reaching the atmospheric gas concentrations in-between measures.

2) CO; flux calculation

For each replicate measurement, the initial linear increase in CO, concentration over time was selected
to calculate the COxflux. This linear phase was first automatically identified by calculating the points
with a significant change in slope (‘depseg’ function, R package dpseg) and then finally selected after
a visual confirmation. A segment covering a minimum of 90 secs was always selected.

The CO; fluxes were calculated according to the following equation,

dCOy

CO, flux = -4

*MolecularMass*Pr essurexVolume

Area-R-AirTemp

where dCO,/dt is the variation in gas concentration (ppm) over time t (in this case one hour);
MolecularMass is the weight of C (g mol™); Pressure is the atmospheric pressure (atm) measured at
each sampling site and campaign; Volume (L) is the total volume of the chamber plus the connection
tubes and the internal cavity of the gas analyzer; Area is the surface of the chamber (m?2); R is the ideal
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gas constant (L atm mol?! K1) and AirTemp is the air temperature (K) measured at each site and
campaign. For each campaign, site and habitat (flowing water, dry riverbed or isolated pool) we
calculated the mean gas flux from the different replicates. CO, flux was expressed in mg C m2 h,

CO; extrapolation to the DRNs
1) Wet and dry area calculation

To transform CO, flux data into absolute values per wet and dry area at each river segment, we
estimated wet and dry width from daily discharge data from WP1. To estimate the hydraulic
relationship between discharge and wet channel width we used use a combination of the
“downstream” (in space) and “at-a-station” (in time) formulations of hydraulic geometry of Leopold &
Maddock, (1953), following the approach of Lamouroux & Souchon, (2002) and Morel et al., (2020).
This equation identifies spatial variations in width (represented by the exponent bd) and temporal
variations (exponent b), which is interesting when extrapolating width in space and time, because
these two exponents generally differ (Leopold & Maddock, 1953),
In(WW) = In(ad) + bd * In(QM) + b * In [QiM]

Where WW is the wet width of the river segment, QM is the mean flow of 2021 and Q is the
instantaneous flow. We fitted the equation to our field data with a linear regression (R?=0.67, p < 10°
1%) to extract the three parameters needed: ad = 6.48, bd = 0.35, b = 0.16. Then, the dry width was
calculated as the difference between the bankfull width and the wet width of the segment. If wet
width was higher than the bankfull, the dry width was considered zero.

2) CO; extrapolation and quantification

We used Random Forest models to upscale the CO, emissions (both from flowing water and dry
riverbeds) to every single reach, and to the three selected periods (pre-dry season: march-april; dry-
season: july-august; post-dry season: november-december). We fitted four RF models (flowing water
perennial reaches, flowing water intermittent reaches, dry riverbed perennial reaches and dry riverbed
intermittent reaches) on our field measured, with the predictor variables available in all DRN reaches
to calculate the daily CO, emission rates for each reach (mg C m2d?).

Those predictors included: daily discharge (only for flowing conditions, available from hydrological
models in WP1), climatic variables (evapotranspiration and precipitation in a monthly scale, mean
annual precipitation), topographical variables (mean elevation and reach slope), lancover (proportion
of broadleaf, coniferous forests, agricultural area and grassland in the upstream river catchment)
variables indicating the position within the river network (distance to the water source, upstream
riverlenght) and drying metrics (only for intermittent reaches, flow prevalence and drying severity
during 2021). To avoid overfitting, model simplification was performed by repeatedly removing the
least important variable from the model and recalibrating it until the model with lowest root mean
square error (RMSE) was found.

The models for flowing conditions explained 51 and 32 % of the variance for perennial and intermittent
reaches respectively. The models for dry riverbeds explained 56 and 70 % of the variance for perennial
and intermittent reaches respectively.

A river emits inorganic carbon into the atmosphere if the sum of external and internally produced CO,
is higher than the CO; fixated into organic carbon. Additionally, intermittent rivers present another
component as they dry out completely during parts of the year, interrupting the aquatic carbon
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processes. Total CO; flux (g C m2 d?) from a river that suffers wetted channel contraction can be
expresed as:

Total CO; flux = Wet CO: flux + Dry CO: flux

Where the Dry CO, flux (g C m? d?) is the dry sediment respiration. The Wet CO; flux (g C m?2 d?)
originates from internal production and external inputs.

Results and discussion

We present below the main results obtained when modeling the ecological functions controlling each
of the ES selected as well as the resulting maps of ES potential provision at the landscape unit level,
disentangling which areas may correspond to conservation or restoration when applying
environmental management actions at the watershed or riparian networks levels.

Water provisioning

The procedure to select river reaches (Steps 1-3) where water provisioning was further assessed (Step
4) showed that headwater reaches ranged between 0.8 and 1.6 km?, middle reaches ranged between
9.9 and 19.5 km? and lowland reaches ranged between 63.6 and 233 km? (Table 6). This highlights a
good agreement between DRNs, except for the larger size class, as it basically depends on the area
close to the outlet of the DRN catchment which varied from one DRN to another. As expected, the
number of Non-Permanent Reaches (NPR) was usually greater than the number of PR reaches in the
headwater class of Krka-Butiznica, Ain-Albarine and Guadiaro-Genal, while the opposite result was
observed in Morava-Velicka, Fekete-Blikkdsdi and Vantaanjoki-Lepsamanjoki. In the latter case, this
distribution of PR and NPR might be due to a lower number of NPR reaches in the DRN, as it is located
in the highest latitude where intermittency is less common. By contrast, the result obtained for the
Morava-Velicka and Fekete-Biikkdsdi DRNs might be due to anthropogenic factors (e.g. irrigation lands
in Veli¢ka) or errors in the delineation of river network and hydrological modelling accuracy (see Kiinne
etal., 2022). Most of the reaches selected in the middle reaches were PR, while only the Krka-ButiZnica,
Ain-Albraine and Fekete-Biikkdsdi, still included a sufficient number of NPR reaches (n>3) to analyze
the water provisioning. By contrast, none of the selected reaches in the lowland class comprised
sufficient number of NPR reaches (Table 6).

Table 6. Catchment area of the selected reaches according to the three size classes (headwater, Middle and lowland reaches)
in each DRN and number of permanent (PR) and non-permanent (NPR) reaches in each size class and DRN.

Headwater (p25) Middle (p75) Lowland (p90)
DRN Km? PR NPR Km? PR NPR Km? PR NPR
Krka-Butiznica 0.8 £0.2 24 34 7.6 1.5 23 3 63.6 £12.7 21 1
Morava-Velicka 1.6 £0.3 12 7 19.5 £3.9 8 1 76.5+15.3 11 0
Vantaanjoki-Lepsaman 0.8 £+0.2 26 4 49.9 +2 19 0 64.7 £12.9 16 0
Ain-Albarine 1.3+0.3 1 38 15.0+£3 12 4 140 £28 13 0
Fekete-Biikkosdi 1.4 +£0.3 25 0 11.4+2.3 7 8 107 £21.4 6 0
Guadiaro-Genal 1.2 +£0.2 0 37 13.5+2.7 8 2 233 +46.6 15 0

The analysis of the annual water availability (i.e., water that can be provisioned) in the Krka-Butiznica
DRN showed median values of 0.43, 4.22 and 36.06 hm? for the headwater, middle and lowland PR,
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respectively (Figure 3A). These amounts showed important reductions in the NPR. In the headwater
reaches the available water was cut by half (0.2 hm?3), while in the middle reaches it is practically null
(Table 7). In the case of NPR in lowland reaches, the selection procedure only considered one reach.
Assuming a low representative of this selection, we omitted further analysis of the results in this reach.
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Figure 3. Box-plots showing the ES water provisioning in Krka-ButiZznica DRN (Croatia) considering the amount of water for
a) the whole year; b) the wet season (January-February-March); c) the dry season (July-August-September). For each year of
the series, the boxes represent the 25th and 75th percentiles, the middle line within the box represents the median and the

whiskers represent the 10th and 90th percentiles of the distribution of values of the perennial and non-perennial river
reaches in each catchment area class (headwater, middle and lowland reaches). The solid lines in each graph represents the
median value of the whole time series of the perennial and non-perennial river reaches in each catchment area class.

Water provisioning in the PR reached median values of 0.15, 1.5 and 13.91 hm? during the wet season
(Figure 3B) and median values of 0.05, 0.32 and 2.97 hm? during the dry season in the headwaters,
middle and lowland reaches, respectively (Figure 3C). This means that the water provisioning in the PR
during the wet season attained 35% of the total annual amount of water available during the wet
season, while it accounted for 11.5%, (headwaters) 7.5% (middle) and 8.2% (lowland) of the total
annual balance in the PR. The Krka-ButiZznican DRN showed the smallest differences in the water
provisioning between the dry and wet seasons compared with the other 5 DRNs. Smaller differences
might be related to the presence of storage mechanism in the DRNS, such as aquifers, ponds, wetlands
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or well-preserved mature forest (Belmar et al., 2018; Mcnamara et al., 2011) . However, it must be
also pointed out that the small disparity between dry and wet season was only observed in the PR. In
the NPR, the 55% of the water in NPR located in headwaters is provisioned during the three months of
the wet season (0.11 hm?3) while this amount is reduced below 0.3% during the dry season (<0.05 hm?3).

Table 7. Summary of the ES water provisioning results. Median values of the water availability considering the whole year
(annual) and the wet and dry seasons for the headwater, middle and Lowland perennial (PR) and non-perennial reaches
(NPR) in the six DRNs. Empty cells mean no reaches in this size class. Light gray indicates low number reaches (<3) in this

size class.
e vl Dl ey Il
PR NPR PR NPR PR NPR PR NPR PR NPR PR NPR
Annual
Headwater 043 020 | 018 015 | 024 023 | 076 106 | 007 0.24
Middle 422 000 | 258 217 | 2.44 829 121 | 066 014 | 333 324
Lowland 36.06 19.84 | 9.32 16.21 134.3 3.20 74.23
Wet
Headwater 015 011 | 009 010 | 007 007 | 032 040 | 0.03 0.12
Middle 151 000 | 146 134 | 075 370 490 | 036 007 | 171 159
Lowland 1391 964 | 535 5.15 51.69 1.87 36.21
Dry
Headwater 005 000 | 000 000 | 002 001 | 002 003 | 000 0.00
Middle 032 000 | 002 000 0.19 007 020 | 003 000 | 000 0.00
Lowland 297 0,47 | 0.06 1.06 4.73 0.21 0.38

The analysis of the annual water availability in the Morava-Velicka DRN showed median values of 0.18,
2.58 and 9.32 hm? for the headwater, middle and lowland PR, respectively (Table 7; Figure 4A).
Differences between PR and NPR were less pronounced than in other DRNs, revealing differences
around 20% (0.15 hm? in headwater NPR; Table 7). Moreover, it can be noted that in several years of
the series the differences between water provisioning in PR and NPR was negligible. Results also
pointed out significant inter-annual differences, i.e. differences between years in the three-size class
reaches. In this regard, we observed that for some years (e.g. 2006, 2010 or 2020) water provisioning
can almost double the median annual value of the series, while other years (e.g. 2003, 2012) this ES
can be seriously reduced (Figure 4A) takin values close to zero.

Finally, analyses also showed significant intra-annual differences. The wet season provided, at least,
50% of all available annual water (49.3, 56.6 and 57.4% for the headwater, middle and lowland PR,
respectively, Figure 4B), while the dry season provided less than 1% in the three size-classes (Table 7;
Figure 4C). This observation is even more pronounced in headwater NPR, where wet seasons provide
more than 65% of the total annual water budget (0.1 out of 0.15 hm?3). This unbalance might be related
with the low regulatory capacity of the catchment, which boost a rapid drainage of water from the
wings to the river network through surface flow, which usually reduce the provision of water during
the dry season. In this case, the low regulatory capacity might be related to the large agricultural areas.
This can have dramatic consequences for the water uses that depend of the water availability in both
PR and NPR and represent a critical environmental and social issue that must be considered in water
planning. In this regard, investment in nature-based solutions, such as blue and green infrastructures
networks, would suppose an adequate strategy to improve the regulatory capacity of the catchment
(Staccione et al., 2021).

i \
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Figure 4. Box-plots showing the ES water provisioning in Morava-Veli¢cka DRN (Czech Republic) considering the amount of
water for a) the whole year; b) the wet season (January-February-March); c) the dry season (July-August-September). For
each year of the series, the boxes represent the 25th and 75th percentiles, the middle line within the box represents the
median and the whiskers represent the 10th and 90th percentiles of the distribution of values of the perennial and non-
perennial river reaches in each catchment area class (headwater, middle and lowland reaches). The solid lines in each
graph represents the median value of the whole time series of the perennial and non-perennial river reaches in each
catchment area class.

The annual water availability in the Vantaanjoki-Lepsamanjoki showed median values of 0.24, 2.44
and 16.21 hm? for the headwater, middle and lowland PR, respectively (Figure 5A). According to the
number of reaches in each size class in this DRN (Table 7), comparison of the water provisioning
between PR and NPR were only possible for headwaters. In this regard, results pointed out that the
water provisioning in headwater PR and NPR was practically equivalent. This pattern was observed
also in the independent analysis of the wet season (Figure 5B) while for the dry one, water availability
was cut by half (0.07 hm? and 0.01 hm? in the wet and dry seasons, respectively; Figure 5C and Table
7).

Water provisioning for the wet season represented around 30% of the total annual budget (0.07, 0.75
and 5.15 hm? for the headwater, middle and lowland PR; Figure 5B) while this value was reduced
below 8% for the dry season in all the size classes (0.02, 0.19 and 1.06 hm? for the headwater, middle
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and lowland PR; Figure 5B). Moreover, this DRN showed that even the NPR during the dry seasons still
were able to provision 2% of the total annual water budget. This result is not surprising since it is the
northern most catchment of DRyVER study area. In this regard, these small differences might be
related to a less marked seasonality in the distribution of annual rainfall associated with the influence
of the subarctic climate in this boreal DRN, i.e. less summer aridity, and also to snowfall and snowmelt
processes, which are determinant in the hydrological pathways and travel ties in northern Europe
landscapes (Jutebring Sterte et al., 2021). Moreover, as it was argued for the Krka-ButiZnica DRN, this
annual stability could also be related with the larger presence of water storage mechanism, such as
lakes and wetlands, in the boreal region (Sundseth K, 2010). The presence of such natural elements
could also be the responsible for the small inter-annual differences in the annual water budget
observed, which were less pronounced than in other DRNs. Nonetheless, analysis highlighted
contrasting results along the year. For instance, it can be observed that some years (e.g. 2006, 2010
or 2011) the water provisioning was significantly lower than the median value of the series during the
wet season (Figure 5B).
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Figure 5. Box-plots showing the ES water provisioning in Vantaanjoki-Lepsamanjoki DRN (Finland) considering the amount
of water for a) the whole year; b) the wet season (January-February-March); c) the dry season (July-August-September).
For each year of the series, the boxes represent the 25th and 75th percentiles, the middle line within the box represents
the median and the whiskers represent the 10th and 90th percentiles of the distribution of values of the perennial and

non-perennial river reaches in each catchment area class (headwater, middle and lowland reaches). The solid lines in each
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graph represents the median value of the whole time series of the perennial and non-perennial river reaches in each
catchment area class.

The annual water availability in the Ain-Albarine DRN showed median values of 0.76, 8.29 and 134.3
hm? for the headwater, middle and lowland PR, respectively (Table 7; Figure 6A). It must be pointed
out that this DRN showed the highest values of the ES water provisioning in the three size-classes PR
compared with other DRNs, while it did not account with the largest catchment areas (Table 6),
meaning 1) a larger amount of annual precipitation and/or 2) the configuration of the Ain-Albarine
DRN in terms topography, land uses and geology that potentially generates a more “efficient”
transferability of precipitation to runoff and discharge (Graf & Lecce, 1988; Price, 2011). The other
critical issue observed in this DRN is that for both, headwater and middle reaches, water provisioning
inthe NPR were larger thanin the PR (Table 7; Figure 6). This contradicts initial expectations, according
to which PR should provide more water than NPR. In headwaters this contradiction might be due to
the low number of PR selected in headwater (n=1; Table 6). However, in the case of middle reaches,
and assuming that results from the hydrological model are satisfactory (Kiinne et al., 2022), this result
might be associated to specific configuration and characteristics of this DRN that should be reviewed
carefully to understand the hydrological process that is driving this pattern.

As it was observed in the other DRNs the water available in the wet season provided around 40% of
the annual water budget in the PR (3.70 and 51.69 hm? for the middle and lowland PR) and in the NPR
(0.4 and 4.90 hm?3 for the headwater and middle NPR). By contrast, the available water during the dry
season is seriously reduced, accounting with less than 4% in all cases, i.e. middle and lowland PR and
headwater and middle NPR (Table 7).

Finally, results also highlighted a significant inter-annual variability, which is most noticeable in the
middle PR and NPR, and especially during the dry season (Figure 6C). While in the PR there is an
important variability between reaches, it can be observed that for some years (e.g. 2007, 2008, 2014
and 2021) water provisioning during this season can be multiplied by 10 respect the median value of
the series.

The annual water availability in the Fekete-Biikkosdi DRN showed median values of 0.07, 0.66 and 3.2
hm? for the headwater, middle and lowland PR, respectively (Table 7; Figure 7A). This DRN showed a
particularity, since the reach selection procedure did not select any NPR in the headwater reaches
and, by contrast, selected a good representation of NPR in the middle reaches (n=7 out of 15).
Moreover, it must be also noted that, even though we did not find any NPR reach in the headwater
reaches, in most of the cases, the water provisioning was practically null in this class. These results
might be associated with hydrogeological features governing losses (sinks) of surface water to
hyporheic water pathway through the middle reaches, but also to poor hydrological modelling results
obtained in this DRN.

Irrespectively, we observed significant reduction of the annual water provisioning in NPR respect the
PR in the middle reaches, showing a reduction close to 80% respect the RP in the same size class (Table
7; Figure 7A and B).
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Figure 6. Box-plots showing the ES water provisioning in Ain-Albarine DRN (France) considering the amount of water for a)
the whole year; b) the wet season (January-February-March); c) the dry season (July-August-September). For each year of
the series, the boxes represent the 25th and 75th percentiles, the middle line within the box represents the median and
the whiskers represent the 10th and 90th percentiles of the distribution of values of the perennial and non-perennial river
reaches in each catchment area class (headwater, middle and lowland reaches). The solid lines in each graph represents
the median value of the whole time series of the perennial and non-perennial river reaches in each catchment area class.

Water provisioning in the PR reached median values of 0.03, 0.36 and 1.87 during the wet season
(Figure 7B) and median values of 0.005, 0.03 and 0.21 hm? during the dry season in the headwater,
middle and lowland reaches (Figure 7C). This means that the water provisioning in the PR during the
wet season supposed almost 50-60% of the total annual amount of water available, while during the
dry season this percentage reached over 5% of the total annual balance (Table 7; Figure 7B and C).
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Figure 7. Box-plots showing the ES water provisioning in Fekete-Bilikkdsdi DRN (Hungary) considering the amount of water
for a) the whole year; b) the wet season (January-February-March); c) the dry season (July-August-September). For each
year of the series, the boxes represent the 25th and 75th percentiles, the middle line within the box represents the median
and the whiskers represent the 10th and 90th percentiles of the distribution of values of the perennial and non-perennial
river reaches in each catchment area class (headwater, middle and lowland reaches). The solid lines in each graph
represents the median value of the whole time series of the perennial and non-perennial river reaches in each catchment
area class.

The annual water availability in the Guadiaro-Genal DRN showed median values of 3.33 and 74.23 hm?
for middle and lowland PR, respectively and median values of 0.24 and 3.34 hm? for the headwater
and middle NPR (Table 7; Figure 8A). Attending to the location of the Guadiaro-Genal DRN, i.e., the
southernmost DRN of DRyVER and consequently the most arid one, we should not expect such large
water provisioning values compared with other DRNs. In this regard, Guadiaro-Genal showed the
second highest annual water budget after Ain-Albarine (Table 7; Figure 8A). Another unexpected
result in Guadiaro-Genal arose from the comparison of water provisioning between PR and NPR. This
comparison was only possible for middle reaches and suggested that there were not differences in
the water provisioning of PR and NPR both at the annual or seasonal scale. This results clearly
contradicts our initial expectation, especially in the most arid catchment of the DRyVER. Both results
might be due to the lack of proper hydrological records inputs to calibrate the JAMS/J2000 modeling
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system/hydrological model that have probably translated to inaccurate discharge simulations (Kiinne
et al., 2022).
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Figure 8. Box-plots showing the ES water provisioning in Guadiaro-Genal DRN (Spain) considering the amount of water for
a) the whole year; b) the wet season (January-February-March); c) the dry season (July-August-September). For each year
of the series, the boxes represent the 25th and 75th percentiles, the middle line within the box represents the median and
the whiskers represent the 10th and 90th percentiles of the distribution of values of the perennial and non-perennial river
reaches in each catchment area class (headwater, middle and lowland reaches). The solid lines in each graph represents
the median value of the whole time series of the perennial and non-perennial river reaches in each catchment area class.

On the other hand, it must be noted that during the dry season the water provisioning values are
drastically reduced compared with the annual and wet season budgets (Table 7; 8C), which actually
agreed with the expected hydrological patterns of an arid catchment. Moreover, Guadiaro-Genal
showed the highest differences between the wet and the dry season compared with the other DRNSs,
independently of the type or size of river considered. In all the cases, the water provisioning during
the three months of the wet season supposed one half of the total annual budget, while the availability
of water during the summer months was practically negligible (<0.1%). This disparity might be
associated with the very scarce precipitations events in of the Mediterranean climate, but also with
the absence of natural storage mechanism in the catchment. This has important implication for water
uses and water resources management, and is a critical issue considering that the severity of droughts
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is expected to worsen with climate change in the southern most arid regions (Spinoni et al., 2021).
Hence, the investment in nature-based solutions, such as increase of natural forest area, recovery of
floodplains or restoration of ponds and wetlands should be prioritize to face future water security
challenges in these regions (Cassin & Matthews, 2021).
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Flooding regulation
Flooding regulation in slopes

The Hydrological Regulation Index (HRI), which is an estimation of the potential capacity of a
catchment to generate runoff, is shown in the Figure 9. The spatial pattern occurs in the same way for
all DRNs in the DRYVER project, where the combination of high values for each of the evaluated factors
leads to higher index values, i.e. areas with the steepest gradients, shortest times and highest
precipitation. High index values mean areas where more surface runoff is generated and less
hydrological regulation is happening.

The catchments of Krka, Ainand Fekete have a larger area at risk of generating surface runoff compared
to the other case studies. Morava shows the highest risk in specific areas located in the eastern part
of the basin. In the case of Vantaanjoki, the predominance of low values of the HR index across the
catchment is particularly remarkable, which is probably related to the flatness of the catchment. The
Guadiaro catchment concentrates the highest risk of runoff generation in the upper part of the basin.

High Low

Figure 9. Hydrological Regulation Index (HR) in slopes in a) Croatia — Krka, b) Czech Republic — Morava, c) Finland —
Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro. ES to regulate the hydrological response (runoff)
for all the DRNs belonging to the DRYVER project.

The case study of Spain, the Guadiaro catchment, which has a rougher relief distributed throughout
the basin, is interesting for a more in-depth analysis of the index generated and the variables involved
(Figure 10), serving as an illustration to better understand the results obtained. As mentioned, the
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Guadiaro catchment has a heterogeneous orography (Figure 10a), reaching altitudes of 1767 m. Higher
values of factor 1 (figure 10b) are found in areas with steeper slopes and where saturation of the first
30 cm of soil has occurred. Regarding the soil hydraulic properties evaluated through the inverse of
the lateral flow travel time (factor 2), the areas with higher values (in red) are shown in Figure 10c,
meaning shorter travel times and higher velocities. Finally, precipitation (factor 3) in the catchment
varies from 677 to 890 mm/year and is spatially distributed as is shown in Figure 10d, where the lowest
rainfall occurs in the lower altitude areas and valley bottoms. The higher values of the index, restricted
to the upper part of the Guadiaro catchment, are mainly determined by the combination of higher
rainfall and higher velocities.

Figure 10. Related factors of the Hydrological Regulation Index for the Guadiaro catchment; a) Digital Elevation Model
(DEM); b) Factor 1 slope and soil saturation; c) Factor 2: inverse of lateral flow travel time; d) Factor 3: precipitation.
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Based on the introduction of the forest in the HR index, the proposed areas to be conserved or restored
are classified into four categories according to the degree of priority for action (Figure 11), i.e. those
in which there is a greater interest in action because they generate a greater benefit as ES.

Conservation

High I

Restoration

High I
=
[

Low

Figure 11. Proposed conservation (green) and restoration (red) drainage wings for the flooding regulation in slopes in a-b)
Croatia — Krka , c-d) Czech Republic — Morava, e-f) Finland — Vantaanjoki, g-h) France — Ain, i-j) Hungary — Fekete and k-I)
Spain — Guadiaro.

Figure 12 shows the proportion of functional units for each type of action recommended when talking
about the ES of runoff regulation in slopes. There are drainage wings where only conservation actions
are proposed (in green), only restoration (in red), others where both types of action are recommended
(in blue) and finally, others where no action of any kind is necessary (only in the case of Vantaanjoki,
2%). In more than 50% of the drainage wings of all case studies, both types of action are required at
the same time, with France and Spain being the most affected, probably due to their rougher
orography.

The presence of mature forests in areas where we find higher HR values has a positive effect on
regulating the hydrological response of the catchment, due to their "sponge" character (Belmar et al.,
2018; Pefia-Arancibia et al., 2019), leading to a slower response. Slow hydrological responses are
related to slower flow velocities, higher flow concentration times and higher water retention, which
generates flood protection. On the contrary, the absence of forest in these areas is the most
unfavourable scenario for the hydrological response of the catchment, especially when it happens in
areas where rainfall is higher and permeability is low.
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Figure 12. Proportion of prioritized drainage wings in terms of hydrological regulation in slopes. DRNs: Croatia, Czech
Republic, Finland, France, Hungary and Spain.

Water storage in floodplains

We assessed the hydrological response in floodplains through the potential water storage capacity in
the event of a typical flood flow that overflows the channel. The volume of stored water is defined
from a reference plane below which water remains temporarily stored.

Figure 13 shows the plains with the greatest storage capacity (p 50 and p75) are, in general, located in
the middle and lowland areas of the basins. Therefore, the plains adjacent to the middle section of the
basin are those with the greatest flood abatement potential, followed by the lower areas, closer to the
mouth of the river.

As shown above, the Krka, Fekete and Guadiaro basins (Figure 13a, 13e and 13f) have the highest
number of plains in the mouth with a value p 75, while the Morava, Vantaanjoki and Ain rivers basin
(Figure 13b, 13c and 13d) have the highest number of plains with a value p 50. The Krka, Vantaanjoki,
Fekete-and Guadiaro river basins (Figure 13a, 13c, 13e and 13f) have the highest number of plains in
the middle section of the basin, with higher values in Guadiaro and Fekete than in the other two. In
the Morava and Ain rivers basin (Figure 13b and 13d). In the catchment of the Morava and Ain rivers
(Figure 13b and 13d), some floodplains are observed in the headwater area of the catchment with low
capacity values (p 25), While in the Krka river basin (Figure 13a), no flood plains are visible in the
headwater of the basin. Finally, in the basins of the Vantaanjoki, Fekete, and Guadiaro rivers, there are
plains with accumulation capacity in all sections of the basin connected to the main river in the case of
the Vantaanjoki basin (Figure 13c), and to the three main rivers in the Fekete and Guadiaro basins
(Figure 13e and 13f). All this information allows us to determine that the Guadiaro and Fekete river
basins have the greatest protection against flooding on the plains, followed by the Vantaanjoki and Ain
river basins, and finally, the Krka and Morava river basins, which have the least accumulation capacity
on their plains.

b \
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N 25 [ os5o I - 75
Figure 13. Water storage capacity in plains across DRNs: a) Croatia — Krka, b) Czech Republic — Morava, c) Finland —
Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro.
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Erosion regulation
Erosion regulation in slopes

The spatial distribution of the Generic Erosion Potential (GEP), which was calculated to estimate the
erosion regulation in slopes, showed a marked topographical pattern (Figure 14). Inside each study
areas, pixels with higher GEP values occurred in places with steeper slopes, lower topographic
convergence and larger local contributing areas.

High Low

Figure 14. Generic Erosion Potential (GEP) for a) Croatia — Krka, b) Czech Republic — Morava, c) Finland — Vantaanjoki, d)
France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro.

After considering the presence of hillside forest, a prioritization of the drainage wings is proposed
based on their potential to prevent sediments from being mobilized and arriving to the river network
in each study area (Figure 15a, 15c, 15e, 15g, 15i and 15k). On the contrary, the lack of hillside forest
allowed to prioritize those drainage wings based on their potential to contribute the most to erosion
and delivery to the river network in each study area (Figure 15b, 15d, 15f, 15h, 15j and 15l). The
proportion of prioritized wings in terms of erosion regulation in slopes considerably differed among
cases of study (Figure 16). While in Guadiaro and Ain catchments most of the wings (around 80%) were
prioritized for conservation, restoration or both, wings prioritized in Krka and Morava were around the
half, being this proportion much lower for Vantaanjoki and Fekete. The predominance of drainage
wings where it is proposed to conserve and restore at the same time is more noticeable in
topographically heterogeneous areas with steeper slopes (such as in Guadiaro and Ain) suggesting that
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under these environmental conditions forested areas play a crucial role as erosion regulation
components.

Figure 15. Proposed conservation (green) and restoration (red) drainage wings for the erosion regulation in slopes in a-b)
Croatia — Krka , c-d) Czech Republic — Morava, e-f) Finland — Vantaanjoki, g-h) France — Ain, i-j) Hungary — Fekete , k-)
Spain — Guadiaro.
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Figure 16. Proportion of prioritized drainage wings in terms of erosion regulation in slopes. DRNs: Croatia — Krka, Czech
Republic — Morava, Finland — Vantaanjoki, France — Ain, Hungary — Fekete and Spain — Guadiaro.

Erosion regulation in riparian areas

The delivery of sediments in the river network derived from the absence of hillside forest in the
drainage wings showed highly different patterns for the cases of study (Figure 17). In Fekete they are
very scattered at the NE; in Vantaanjoki small areas concentrated at the mouth of the basin network;
in Ain relative important areas are grouped in the east of the basin; in Krka larger areas with higher
levels appear close to the mouth of the basin at the SE; in Morava two important isolated areas
concentrate most of the delivery areas; and in Guadiaro a dense concentration of delivery values
appears associated to mountainous areas in the mid-east of the basin.
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Figure 17. Generic Erosion Potential (GEP) potentially delivered to the reach from the drainage wing with absence of forest
on hillside in a) Croatia — Krka, b) Czech Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary — Fekete
and f) Spain — Guadiaro.

After considering the cover of riparian forest, a priorization of the floodplain functional units is
proposed based on their potential to prevent sediments from arriving to the river network by filtering
in each study area or not (Figure 18). The proportion of prioritized floodplain functional units in terms
of erosion regulation by riparian forests considerably differed among cases of study (Figure 19). While
most of the floodplain functional units were prioritized for conservation or restoration in Guadiaro and
Ain, in Krka and Morava were around the half, being this proportion much lower for Vantaanjoki and
Fekete. In all cases the proportion of proposed UF for restoration was much higher than for
conservation, as a consequence of the unbalanced cover of riparian forests in the reaches of
floodplains across the basins. The low cover of riparian forested areas (<60%) in most of cases reduces
the sediment filtering capacity and so, increases the amount of sediments delivered to the water
bodies.
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Figure 18. Proposed conservation (green) and restoration (red) floodplain functional units for the erosion regulation by
riparian forests in a) Croatia — Krka, b) Czech Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary —
Fekete and f) Spain — Guadiaro.
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Figure 19. Proportion of prioritized floodplain functional units in terms of erosion regulation by riparian forests. DRNs:
Croatia — Krka, Czech Republic — Morava, Finland — Vantaanjoki, France — Ain, Hungary — Fekete and Spain — Guadiaro.
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Drought regulation

Surface Storage Index

The results show which areas within the catchment are the most suitable for holding water based in
the biophysical components of the terrain (Figure 20), for each of the DRNSs. In this case, higher values
of the index mean more appropriate areas.

The study areas in Krka and the Morava (Figure 20a and b) do not show a homogeneous distribution
in the mapping of areas suitable for surface storage. In Vantaanjoki the upper part of the catchment
has the highest water retention potential (Figure 20c), while the eastern part in the middle and lower
parts of the catchment concentrates the areas with the lowest potential. The Ain catchment has the
highest values of the index in the middle zone, while the lowest values are found in the headwater
areas (Figure 20d). The Fekete catchment has the most suitable areas for water storage mainly in the
upper part of the catchment and the lowest values, less suitable areas, in the western part (Figure
20e). The Guadiaro catchment follows the same spatial pattern as the Ain, where we found the highest
water storage capacity in the middle part of the catchment and the lowest capacity in headwaters
areas (Figure 20f).

High Low

Figure 20. Surface Storage Index, related with the drought mitigation ecosystem service for a) Croatia — Krka, b) Czech
Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro.
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The amount of water that can be stored will depend on the amount of precipitation that reaches them.
The steeper slope areas of watersheds tend to have a lower surface water storage potential because
water moves quickly downslope, which also increases the risk of erosion and flooding downstream. In
contrast, water tends to move more slowly in watershed areas with gentle slopes, which allows for
storage. Areas with higher values of the TWI and convex plan curvatures (negative values) are prone
to accumulate water. Vegetation covers, and forests specifically, have an important role in water
retention as they can store large amounts of water in their biomass and soil, and slow down the
movement of water through the catchment. The most favourable scenario for surface water storage
was those areas with gentle slopes, convex terrain, high topographic humidity values and vegetation
cover, mainly forests.

This index provides information on which parts of the land could provide the drought mitigation
ecosystem service through surface water storage. Understanding the related factors can be very useful
when designing and implementing nature-based solutions related to it, such as artificial wetlands,
ponds, water gardens, among others. To this end, the information has been transferred to the
functional work units, drainage wings, prioritizing them according to their potential (Figure 21). It is in
the top class (75th percentile) on which the actions are primarily proposed to be carried out.

Action priority
I High

[ Medium
" Low

Figure 21. Proposed prioritization of drainage wings for drought mitigation through surface water storage in a) Croatia —
Krka, b) Czech Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro.

Surface water storage act as a buffer between water supply and demand in the catchment during
periods of drought, playing a crucial role in mitigating the impacts of the water shortage on the
catchment. In addition, water is retained on the surface for a longer period, which increases the
infiltration capacity of the area and, therefore, could also increase base flows. Water surface storage
can also generate a lower hydrological response of a catchment by reducing the amount of water that
flows directly into streams during rainfall events.
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Local Recharge Index

Local recharge index provides an estimation of the amount of water (in mm) that infiltrates into the
soil over a year and could potentially recharge the groundwater (Figure 22). Higher values of the index
indicate higher infiltration, where the magnitude of the value is defined by the amount of precipitation.
The index’s strength lies in its capacity to assess the water yield spatially, showing the groundwater
recharge areas, thus it can be used to identify the location of areas with high or low rates.

Figure 22. Local Recharge Index (in mm), related with the drought mitigation ecosystem service for a) Croatia — Krka, b)
Czech Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro.

The results show differences between catchments in the spatial distribution of areas with high
recharge rates. The Krka, Ain and especially the Morava catchments (Figures 22a, 22b, 22d) are those
where there are fewer and moreover very localised areas of high infiltration. Vantaanjoki, Fekete and
Guadiaro (Figures 22c, 22e, 22f) are the cases where high infiltration values are more distributed over
the whole catchment.

Higher values of the LRI index are found, for all the case studies, where precipitation is the highest
within the catchments. Lower values are related to higher surface runoff generation and to areas
where evapotranspiration rates are higher, mainly found in agricultural lands. In this sense, changes
in land use and land cover may have a significant impact on water resources. For example, areas with
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low rates of local recharge may be more sensitive to changes that reduce evapotranspiration and
increase local recharge.

This index can be used to identify areas where groundwater recharge is likely to be high, and where
additional management strategies may be required to protect and enhance groundwater resources. In
this sense, drainage wings with more than 60% of forest are those where the ecosystem service is
guaranteed, and are proposed as areas to be conserved, while those where there is no such land
coverage, may require additional measures to promote local recharge, to increase the amount of water
stored in the soil and groundwater (Figure 23). Strategies that focus on increasing local recharge, such
as promoting the use of nature-based solutions, can help to improve water security and reduce the
impacts of drought on natural systems.

Conservation
I High
||

 Low

Other actions

Figure 23. Proposed conservation (green) and other actions (red) drainage wings to generate local recharge in a) Croatia —
Krka, b) Czech Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro.

The proportion of functional units for each type of action proposed are shown in Figure 24. The main.
It can be observed that specific management and planning activities need to be carried out for all
catchments, as the proportion of drainage wings where conservation actions need to be carried out is
below 33% in all catchments. This is specifically relevant for the Morava catchment, where only 11%
of the territory have the ES guaranteed.
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Figure 24. Proportion of prioritized drainage wings in terms of local recharge capacity. DRNs: Croatia — Krka, Czech Republic
— Morava, Finland — Vantaanjoki, France — Ain, Hungary — Fekete and Spain — Guadiaro.

Thermal regulation

The spatial distribution of thermal regulation across DRNs shows a clear dependence of LULC patterns,
i.e. shadow cast is directly related to the occurrence of forest cover (see Figure 25 below), and a
recognized morphodynamic control. Across basins, pixels with higher thermal reductions occur in
larger valley bottoms with steeper slopes and larger local contributing areas.

The more widespread distribution of forests can indeed have a positive impact on reducing water
temperature in European rivers (Feld et al., 2011). Forests play a crucial role in maintaining the health
and balance of ecosystems, including river functioning and related services (Morri et al., 2014). Tree
canopy provides shade, which helps to block direct sunlight from reaching the water's surface,
prevents excessive heating and helps maintain cooler temperatures. Trees also absorb water from the
ground through their roots and release it into the atmosphere through evapotranspiration. This
moisture-laden air cools down the surrounding environment, including the river, through evaporative
cooling. Riparian buffers also play a role at this regard across entire valley bottoms, creating a buffer
zone between land fluxes and streams that helps to regulate water temperature by providing shade
and acting as a natural barrier to block excess heat from adjacent land areas. They also contribute
filtering rainwater and reducing surface runoff. This process helps maintain overall water quality
parameters in rivers by reducing the influx of sediments and pollutants, which can contribute to
increased water temperatures by initializing metabolic cascades. Finally, tree roots help stabilizing the
river banks and the entire ecosystem functioning across alluvial terraces, reducing erosion and
maintaining the natural water flows (superficial and subsuperficial). This stabilization prevents
excessive sedimentation, which can increase water temperature by trapping heat and impeding
natural cooling processes.
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Figure 25. Land use and land cover distribution across DRNs: a) Croatia — Krka, b) Czech Republic — Morava, c) Finland —
Vantaanjoki, d) France — Ain, e) Hungary — Fekete and f) Spain — Guadiaro. Broadleaf forest category includes riparian
forests occupying valley bottoms.

While preserving and restoring forests can help reducing water temperature, contributing significantly
to maintain healthier and cooler river ecosystems, they are not the solely factor influencing it. Other
remarkable factor contributing notably to buffering stream and river temperature are groundwater
discharge areas such as spring sources, streambed resurgences or seepages. However, accounting for
the effect of this other factor across the 6 case studies is beyond the scope of this study.

After identifying the presence of riparian forests across entire valley bottoms, total radiation was
defined for each DRN based as their total insolation received during summer months (Figure 26). The
amount and distribution of solar radiation in the catchments (i.e. in the areas identified as valley
bottoms) varies based on the topography and geographical location (Dobrowski, 2011). In flat basins,
solar radiation is typically evenly distributed across the entire area, assuming there are no
geomorphological obstructions for the amount of insolation received in valley bottoms and streams.
The intensity of solar radiation may vary slightly depending on local atmospheric conditions, but there
are no significant deviations caused by topography alone. Basins with steep-sided topography, typical
of higher altitudes, usually present deep valleys and can experience larger variations in solar radiation
distribution. The slopes of the basin can cause shading, especially on the north-facing slopes, where
direct sunlight may be obstructed by the terrain features. South-facing slopes receive more solar
radiation throughout the day due to their inclination towards the sun. Convex-shaped basins, where
the surrounding terrain rises towards the basin's center, tend to accumulate more solar radiation. The
shape of the basin can act as a natural amphitheater, capturing and concentrating sunlight. As a result,
the base of a convex valley may receive higher solar radiation compared to the surrounding areas.
Oppositely, concave-shaped basins, where the surrounding terrain slopes inward towards the center,
can experience lower solar radiation levels in the base. The shape of the basin can cause shading and
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obstruction of direct sunlight. The reduced solar radiation can result in cooler temperatures and
different vegetation patterns in the basin.

In addition to geomorphology, there are specific local factors such as latitude, elevation, climate and
mainly the presence of vegetation, as explained before, that can further influence the distribution of
solar radiation in a basin. Additionally, seasonal variations and weather patterns will also affect the
solar radiation received in different topographic areas of the basin (Paruelo et al., 2005).

High Low

Figure 26. Incoming solar radiation or insolation received by all DRN valleys independently of having or not riparian forest
coverage: a) Croatia — Krka, b) Czech Republic — Morava, c) Finland — Vantaanjoki, d) France — Ain, e) Hungary — Fekete and
f) Spain — Guadiaro. The total amount of radiation calculated for a particular location correspond to all direct, diffuse and
global insolation.

In the base of maximum potential insolation received by valley floors and the amount and distribution
of vegetation cover, casting shadow to main streams and other functional areas of valley bottoms
related to water temperature regulation, we identified and prioritized drainage wings based on their
potential to contribute the most to thermal reduction across each study area (Figure 27). The
proportion of prioritized wings in terms of thermal regulation in slopes considerably differed among
cases of study. In terms of territory management for this ES, while in the Guadiaro, Fekete and Krka
catchments all wings are identified as candidates for restoration (or conservation) actions, in the Ain,
Vantaanjoki and Morava from 15 to 20% are never selected. Nevertheless, all share a common pattern
of having no functional units with conservation requirements only (Figure 28). This is related to a
double control, i.e. the heterogeneous topography and the varying amount of riparian forests across
valleys in all DRNs. In turn, there is a large amount of drainage wings on which it is proposed to
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conserve and restore land at the same time. At this regard, as an example, conservation of the Fekete
basin shows the existence of no functional units selected across the entire center of the basin, because
of the total absence of riparian forests (see Figure 26 above), while in the south of Guadairo basin both
restoration and conservation actions are overlapped. They correspond to bigger valleys with
fragmented patterns of riparian forests.

Conservation
High I

Restoration
High I
=

i

Low

Figure 27. Proposed conservation (green) and restoration (red) drainage wings for the erosion regulation by riparian forests
in a-b) Croatia — Krka , c-d) Czech Republic — Morava, e-f) Finland — Vantaanjoki, g-h) France — Ain , i-j) Hungary — Fekete ,
k-1) Spain — Guadiaro.
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Figure 28. Proportion of prioritized functional units in terms of thermal regulation by riparian forests. DRNs: Croatia — Krka,
Czech Republic — Morava, Finland — Vantaanjoki, France — Ain, Hungary — Fekete and Spain — Guadiaro.
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Carbon emissions

With the predicted CO, flux rates (mg Cm2d™) and the calculated daily flow and dry surface for each
river reach, we calculated for each river segment the daily total CO, emissions. Then, we calculated
the acumulative carbon from CO; (C-CO,) emissions for each of the selected periods, split in emissions
from flowing waters and dry riverbed. The contribution of the emissions from riverbeds and flowing
water for each period and DRN is summarized in Table 8. We then classified for each DRN the
emissions at the reach scale in 3 categories: low (percentile 0 to 0.33), medium (percentile 0.33 to
0.66) and high emissions (percentile 0.66 to 01) (Figures 29 to 34).

Table 8. Cotribution of emissions from flowing water and dry riverbed to total C-CO, emissions for each DRN (total of all river
reaches) for each of the selected periods. Pre-dry period: march-april; Dry period: july-august; Post-dry period: november-
december

Pre-dry phase Dry phase Post-dry phase

prop. C.flow prop. C.dry prop. C.flow prop. C.dry prop.C.flow prop. C.dry

Ain-Albarine 0.79 0.21 0.66 0.34 0.89 0.11
Vantaanjoki -

Lepsdamanjoki 0.93 0.07 0.67 0.33 0.92 0.08
Krka-ButiZnica 0.86 0.14 0.53 0.47 0.94 0.06
Fekete-Biikkdsdi 0.40 0.6 0.12 0.88 0.28 0.72
Guadiaro-Genal 0.56 0.44 0.15 0.85 0.58 0.42
Morava-Velicka 0.60 0.4 0.10 0.90 0.54 0.46

C-CO; emissions varied between river basins, with Krka-ButiZnica (Figure 29) having the lowest evasion
per segment and the Morava-Velicka (Figure 30) the highest. Additionally, emissions also varied
between flow phases although the magnitude of that changes varied between DRNs. Results show
three different C-CO, emission regimes. For example, in Vantaanjoki-Lepsamanjoki (Figure 31) and
Guadiaro-Genal (Figure 32) emissions decreased during the dry phase, while in Morava-Velicka (Figure
30), Ain-Albarine (Figure 33) and Fekete-Biikkdsdi (Figure 34) they increased during that same period.
Finally, in Krka-ButiZnica emissions gradually decreased from the Pre-dry to the Post-dry phase (Figure
29).

These C-CO; evasion patterns do not seem to be linearly related to drought as emissions increase
during the dry phase in both Vantaanjoki-Lepsamanjoki, which has the lowest dry sediment
contribution (33 %) and Genal, which has one of the highest dry sediment contribution (85%, Table 8).
In the two DRNs with the highest dry sediment contribution to CO, emissions during the dry period
(Fekete-Bukkosdi and Morava-Velicka) the total carbon evasion increased during that phase. That
could indicate that lower flows and a higher proportion of dry streams boost C-CO, evasion from rivers.
A likely mechanism for this emission increase could be the low resistance of autotrophic organisms
and the higher resistance of heterotrophs to desiccation (Sabater et al., 2016; Timoner et al., 2012).
However, this pattern is not shared by all six DRNs, meaning some other environmental condition may
be controlling carbon emissions. For example, the Genal DRN may present very low sediment moisture
through the Dry phase due to sustained high temperatures (> 30 °C) and rain absence, which can hinder
dry sediment respiration, thus reducing total CO, emissions (Sabater et al., 2016). After rewetting, the
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proportion of CO, emissions from dry and wetted areas are similar to those found in the Pre-dry phase
in five out of the six DRNs. This could indicate the main processes controlling C-CO, emissions during
flowing conditions were recovered to Pre-dry levels.

The two main sources of inorganic C emissions are inorganic carbon originating in terrestrial
ecosystems and carried underground to rivers and River Ecosystem Metabolism (REM) (Hotchkiss et
al., 2015). Concerning inorganic carbon emissions from terrestrial sources, which are thought to be the
primary source of CO, evasion from rivers, subterranean flow regulates CO, transit from terrestrial
ecosystems to rivers. This movement may be reduced or even interrupted during low flows or total
flow cessation (Dry phase), limiting its contribution to river CO, emissions. Moreover, terrestrial soil
respiration also follows a seasonal pattern with biological activity being regulated by light, temperature
and precipitation regimes, which could have an effect on river emission patterns through the year
(Bernhardt et al., 2018).

One the other hand, REM is estimated to contribute up to 28% of CO, emissions from rivers (Hotchkiss
et al., 2015). This percentage would vary along the river network as well as seasonal GPP and ER vary
greatly with light, temperature and discharge regimes. GPP is usually higher during spring and summer
due to higher temperatures and light availability, contributing to carbon sequestration while ER is more
stable through the year and higher than GPP due to allochthonous organic matter inputs (Battin et al.,
2023). In the future, we will add REM estimates to C-CO, emission in DRYVER DRNs to increase our
understanding of metabolism's contribution to carbon evasion from drying rivers, which account for
up to 60% of the world's water courses (Messager et al., 2021). Higher GPP rates, for example, may
not contribute significantly to lower total carbon emissions at the catchment level if the high primary
production season overlaps with the Dry phase, which is characterized by partial or total channel
desiccation.

As drying streams appear to boost C-CO, evasion, contribution of river networks to global carbon
emissions could be severely underestimated (Marcé et al., 2019). Thus, an in-depth assessment of
global carbon emissions of non-perennial rivers should be prioritized. The effect of periodic dry periods
on C-CO; evasion should be carefully analyzed, especially as under future climate change conditions
their frequency and severity are expected to increase. Increasing drought severity could increase global
carbon emissions, creating a positive feedback loop that could further contribute to the self-
perpetuation and intensification of climate change (Armstrong McKay et al., 2022). This CO, emission
model could be applied to future climate change scenarios to project the effect of a change on climate
in carbon emissions from rivers. Further understanding of river C-CO; sources, their drivers and spatio-
temporal dynamics could aid in catchment management for avoiding the most dangerous global
change scenarios. Nature-based solutions and integrated catchment management of land uses and
other anthropogenic infrastructures and activities (hydrological barriers, sewage effluents, water
abstraction, etc.) could help regulate river carbon emissions and restore damaged freshwater
ecosystem functions and services.
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Figure 29. Total Krka-ButiZznica DRN C-CO; emissions by river segment during each of the flowing phases.
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Figure 30. Total Morava-Velicka DRN C-CO, emissions by river segment during each of the flowing phases.
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Figure 31. Total Vantaanjoki-Lepsamanjoki DRN C-CO, emissions by river segment during each of the flowing phases.
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Figure 32. Total Guadiaro-Genal DRN C-CO, emissions by river segment during each of the flowing phases.
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Figure 33. Total Ain-Albarine DRN C-CO; emissions by river segment during each of the flowing phases.
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Figure 34. Total Fekete-Biikkdsdi DRN C-CO, emissions by river segment during each of the flowing phases.

General discussion for ES provision in DRNs

ES provision and intermittence patterns of DRNs

Drying river networks (DRNs) refer to river systems that experience temporary or permanent reduction
in water flow due to factors related to phenological climatic conditions exacerbated by climate change
events (Gudmundsson et al., 2021; Shanafield et al., 2021). This drying of river networks has significant
impacts on the provision of ecosystem services (ES) and its magnitude and affects depend largely on
the spatial configuration of landscape patterns across both basins and river networks. One step
beyond, the relationship between ES provision and intermittence patterns in DRNs is complex and can
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vary depending on the specific context. In some cases, the reduction in water flow may lead to a
decrease in the provision of ES, as habitats dry up, water quality declines and flood regulation capacity
is reduced (Koundouri et al., 2017). In other cases, the drying of river networks may actually enhance
certain ES, such as nutrient cycling and sediment transport, by creating new habitats and promoting
biological activity during wet periods. To better understand this relationship, a number of studies have
explored the impacts of drying river networks on ES provision and the associated intermittence
patterns (Larned et al., 2010).

In terms of water provisioning, results demonstrate that headwater, middle and lowland river domains
showed a good agreement between DRNs, although specific results about the number of NPR and PR
reaches were related to intermittency patterns (Messager et al., 2021), natural or anthropogenic
factors (e.g. irrigation lands in the Morava catchment) or errors in the delineation of river network and
hydrological modelling accuracy (see Kiinne et al., (2022). Intermittency had almost negligible effects
in several years of the series maybe related to a less marked seasonality in the distribution of annual
rainfall, i.e. less summer aridity, snowfall and snowmelt processes (Jutebring Sterte et al., 2021), or the
existence of buffer effects made by lakes, wetlands and reservoirs. In some occasions, catchment
configuration in terms topography, LULC and lithology may control hydrological responses that drive
intermittency patterns (Price, 2011). In other occasions there were differences between water
provisioning across river reaches, with values that double the median annual value of the series. This
imbalance might be related with the different regulatory capacity of the catchment generally devoid
of large coverage autochthonous natural vegetation patches, and differences in water provision by
precipitation across bioclimatic regions in Europe, which may reduce the provision of water during the
dry season. For example, the Guadiaro catchment showed the highest differences between the wet
and the dry season compared with the other DRNs, independently of the type or size of river
considered what amplifies the severity of droughts with climate change (Spinoni et al., 2021). As
explained previously, an spatially-explicit assessment and evaluation of nature-based solutions across

the territory such as increase of natural forest area, recovery of floodplains or restoration and

generation of ponds and wetlands, that led to the definition of global schemes of blue and green

infrastructures networks (BGINs), would represent an adequate strategy to improve the regulatory
capacity of the catchments (Staccione et al., 2021) and should be prioritized to face future water
security challenges in these regions (Cassin & Matthews, 2021).

Flood regulation refers to the ability of a river network to manage and control the flow of water during
periods of high precipitation or melting snow. Natural river systems have evolved mechanisms to
absorb and dissipate excess water, such as floodplains and wetlands. These natural features act as
buffers, reducing the risk of floods downstream. Climate change, driven by factors like greenhouse gas
emissions, can alter precipitation patterns, potentially increasing flood risks in some regions. In turn,
landscape configuration and LULC patterns have varying abilities to absorb and retain water runoff.
Natural LC types like forests and wetlands have a higher capacity to capture rainfall, slow down runoff
and store excess water. On the other hand, urbanization and land-use changes often result in increased
impervious surfaces (e.g., concrete, asphalt), reducing the area available for water absorption. This can
lead to faster runoff and increased flood risk. When hydrological mechanisms and modification of
natural vegetation patterns are not able to control the accumulation of water in certain locations of
the riparian areas, a large probability of flooding occur after an event of intense precipitation
(Mcnamara et al., 2011). These processes, related to to surface runoff, infiltration, percolation and
evapotranspiration differ across space because of landscape configuration (e.g. lower regulation-
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capacity in deforested landscapes) and time, in the base of annual cycles of vegetation and climatic
conditions. In DRNs, where the flow of water is intermittent or reduced due to various factors (such as
water extraction or climate change impacts), the relationship between flood regulation, climate and
land cover becomes even more complex. Changes in climate and land cover can exacerbate the drying
of river networks, reducing their ability to regulate floods effectively. With reduced water flow, the
capacity of the river channel to convey excess water decreases, increasing the likelihood of localized
flooding during intense rainfall events. Protecting and restoring natural land covers, preserving
floodplain areas and considering climate change impacts are essential for maintaining the resilience of
river networks and minimizing flood risks in the face of drying conditions.

Soil erosion referred to the process of detachment and transport of soil particles by water runoff, is
primary influenced by rainfall intensity, slope steepness, soil properties and vegetation cover. Erosion
can occur both naturally and due to human activities, and it plays a significant role in shaping
landscapes and altering river networks (Issaka & Ashraf, 2017). Climate change can lead to decreased
precipitation and increased evaporation rates, resulting in reduced water availability in rivers. As rivers
dry up or experience reduced flow, they become more susceptible to soil erosion. In DRNs, climate
change also exacerbates the drying trend, leading to reduced water flow and increased vulnerability
to soil erosion, while natural vegetation cover, especially trees and other deep-rooted plants, plays a
crucial role in stabilizing soil particles, reducing runoff and preventing erosion. When land cover is
degraded or altered, such as through deforestation or agricultural processes, soil erosion rates can
increase, impacting river networks. Soil erosion, in turn, further exacerbates the drying of river
networks (Sponseller et al., 2013). We therefore, contemplated here two different mechanisms
leading to ES regulation in DRNs: erosion regulation at source in slopes, on which hillside forests
prevents soil loss and avoids the generation of sediment, and erosion transport and filtering, where
riparian forests may reduce the amount of sediment delivered to the river network. Sedimentation
caused by erosion can reduce the capacity of river channels, increasing the likelihood of channel
blockages and reducing water flow. Overall, the interplay between soil erosion, climate and land cover
in DRNs forms a feedback loop. Climate change and land cover modifications can accelerate soil
erosion, which, in turn, can contribute to the drying trend in rivers.

The spatial distribution of thermal regulation across DRNs has been determined to have a clear
dependence of LULC patterns and a recognized morphodynamic control. Climate plays a crucial role in
determining the overall temperature patterns in river networks. It encompasses factors such as solar
radiation, air temperature, precipitation and wind patterns (Acufia et al., 2008). In areas with a warmer
climate, river water tends to be naturally warmer due to increased solar radiation and higher air
temperatures. Climate change can exacerbate these effects, leading to elevated water temperatures
in river networks. Thermal balance is closely controlled by tree canopies that provide shade that can
significantly influence the temperature of river networks. When trees are present along riverbanks,
their foliage blocks direct sunlight from reaching the water surface, thereby reducing the amount of
solar radiation that heats up the water. This shading effect can help to lower water temperatures and
mitigate the impacts of warming. In turn, general landscape configuration across the entire basin
affects the thermal regulation of the water across entire valleys and slopes. Vegetated areas, and
mainly forests, act as a buffer against excessive heating. On the other hand, if the land cover is
dominated by impervious surfaces, it can lead to higher water temperatures due to increased heat
absorption and reduced shade (Johnson & Wilby, 2015). In all cases, when river networks dry up, the
water volume decreases, and the remaining water is often exposed to direct sunlight. Without tree
canopy shading, the lack of water flow can lead to elevated temperatures in the remaining pools or
stagnant water bodies. Therefore, maintaining or restoring tree cover along riverbanks can help
mitigate the adverse effects of elevated temperatures in regions where drying river networks occur.
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Carbon emissions and sequestration, climate and land cover therefore all play interconnected roles in
DRNs. CO; emissions varied between river basins, with Krka-ButiZnica having the lowest evasion per
segment and the Morava-Velicka the highest in the base mainly of sediment contribution. This is linked
to sources of organic and inorganic carbon originating in terrestrial ecosystems and carried
underground to rivers (Hotchkiss et al., 2015) , which movement may be reduced or even interrupted
during low flows or total flow cessation. Additionally, emissions also varied between flow phases
although the magnitude of that changes varied between DRNs (Timoner et al., 2012). This refers to a
low resistance of autotrophic organisms during dry phase and the higher resistance of heterotrophs to
desiccation. Carbon sequestration efforts, such as reforestation or implementing sustainable land
management practices, can help mitigate climate change and its impact on river networks. By reducing
carbon emissions and increasing carbon storage, these actions can contribute to maintaining adequate
water flow and preserving the health and resilience of river systems, as minimizing the risk of drying.

In general, there is a need for considering the dynamic nature of river systems, and specially DRNSs,
when defining adaptive management strategies that may account for changing environmental
conditions. By taking a holistic and context-specific approach to ES provision, it may be possible to
enhance the resilience of DRNs and promote sustainable development outcomes.

Watershed management for ecosystem function restoration

The assessment, development and investment on effective watershed management strategies
becomes paramount to assure the resilience of ecosystems and the continued provision of services
such as water supply, soil conservation and biodiversity in the coming future. In the base of observed
results on ES modelling, there are a number of general recommendations for revising watershed
management for ecosystem function restoration under drying conditions.

First, there is a need to incorporate climate change projections and drought risk assessments into
management plans. Given the predicted increase in frequency and severity of droughts, watershed
management plans should consider long-term climate change projections and assess the potential risks
of drought to ecosystem functions and services (Vorosmarty et al., 2010). We also need prioritizing the
conservation and restoration efforts of natural vegetation. Maintaining and restoring natural
vegetation in watersheds is essential to promote water infiltration, reduce soil erosion and support
biodiversity. This can be achieved through a range of measures such as reducing deforestation,
promoting reforestation and managing invasive species (Rockstrom et al., 2009). This needs also to be
coupled to the implementation of sustainable land use practices that foster conservation initiatives
and enhance the ability of ecosystems to adapt to changing climatic conditions. This may include
practices such as conservation agriculture, agroforestry and green infrastructure (Jobbagy & Jackson,
2004). The investments in water storage and management infrastructure may actually ensure water
availability during dry periods. However, such infrastructure should be designed and managed to
minimize negative impacts on ecosystem functions and services (Pielke & Downton, 2000). Finally, it
remains crucial to foster stakeholder participation and cooperation. Effective watershed management
requires the participation and cooperation of diverse stakeholders in planning, implementation and
monitoring of management plans, including local communities, landowners, government agencies,
and NGOs.

NBS and integrated catchment management (ICM) of land uses and other anthropogenic
infrastructures and activities (hydrological barriers, sewage effluents, water abstraction, etc.) could
help regulate river carbon emissions and restore damaged freshwater ecosystem functions and
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services (Datry et al., 2021) . NBSs refer to the use of natural processes and ecosystems to address
various environmental challenges, while simultaneously providing social, economic and environmental
benefits. They are designed to work in harmony with nature and harness its inherent resilience and
capacity for regeneration. NBS aim to promote sustainable development by conserving and restoring
ecosystems, enhancing biodiversity and delivering a range of services to human societies. In a context
of ICM for ecosystem services supply in DRNS, NBS can play a crucial role at the watershed scale by
controlling the way that land drains water into a particular river or wetland.

The functionality of NBS can adopt different shapes in the base of the ecological process to be restored
or the functionality to be conserved (Pérez Rubi & Hack, 2021). In this regard, reforestation of native
trees or promoting afforestation dynamics (Chausson et al., 2020) within watersheds can help enhance
water infiltration, reduce soil erosion and stabilize riverbanks. Trees also play a critical role in regulating
water flow by capturing rainwater, replenishing groundwater and releasing it gradually into streams
and rivers during dry periods. NBS also relate to wetland restoration and creation (Keesstra et al.,
2018). Wetlands act as natural sponges, absorbing and storing excess water during periods of high
rainfall and gradually releasing it during dry spells. Restoring degraded wetlands or creating new ones
can help regulate water flow, improve water quality by filtering pollutants and provide habitats for
diverse species. Riparian zones management is also essential for preserving water quality, preventing
erosion and supporting biodiversity. Planting native vegetation along riparian areas helps stabilize
riverbanks, filter runoff and provide shade, reducing water temperature and promoting aquatic
habitats. This domain also accepts as NBS a more comprehensive restoration of floodplains, creating
natural retention areas and implementing riverbank protection measures that can reduce e.g. the
impact of floods and protect downstream areas (Raska et al., 2022). All these NBS should be integrated
into comprehensive water resources management plans based upon ICM, considering the entire
watershed as a connected system. This approach involves stakeholder engagement, including
government agencies, local communities, NGOs, and private sector entities, in order to develop
adaptive management strategies and considering the socioeconomic aspects of watershed
management alongside ecological goals. It also necessitates policy support, adequate funding, and
long-term planning to achieve sustainable outcomes. NBS, connectivity and multipurpose stakeholder
engagement for decision making set jointly the foundation of Blue and Green Infrastructure Networks
(BGINSs).

BGINs creation involves combining ecological patterns and process to enhance ecosystem service
supply and biodiversity conservation (Thomas et al., 2022). Blue infrastructure refers to the network
of water-related features, such as rivers, lakes, wetlands and coastal areas. These natural water bodies
provide numerous ecosystem services, including water purification, flood regulation, habitat creation
and recreational opportunities (Chatzimentor et al., 2020). Green infrastructure comprises natural and
semi-natural areas like forests and other natural vegetation patches that provide or preserve a range
of ecosystem services, such as air purification, carbon sequestration, temperature regulation,
biodiversity support and recreational spaces for communities. NBS, as explained above, support the
use or mimic natural processes to address societal challenges in an environmentally sustainable
manner. They harness the power of ecosystems and biodiversity to provide solutions to issues like
climate change and water management. Altogether, BGINs aims to enhance the supply of ecosystem
services by integrating and optimizing the benefits of both water-related features and green spaces
with multiple purpose, including water management, biodiversity conservation, climate change
adaptation, human well-being and in general sustainable development. In a context of flow
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intermittence in DRNs and in the base of the results obtained in this work, BGINs can help manage
water resources effectively by enhancing natural filtration and retention, reducing the effect of dryness
in a context of water scarcity. They can also help regulate water flow, mitigating extreme droughts and
reducing erosion risks. BGINs also provide interconnected habitats, allowing species to move and adapt
to changing environmental conditions. The combination of blue and green features supports a variety
of flora and fauna, contributing to biodiversity conservation and promoting ecological resilience. These
infrastructures play also a crucial role in climate change adaptation. They provide natural buffers
against extreme weather events like storms, heatwaves and in the context of DRNs, intermittence
episodes with the large cascade of accumulative effects. BGINs can also contribute to economic growth
by attracting tourism, creating green jobs and fostering sustainable urban planning while optimizing
the supply of ecosystem services.

In conclusion, embracing NBSs in integrated BGINs schemes for watershed management presents a
promising approach to restore ecosystem functions in drying river networks. By harnessing the power
of natural processes and incorporating sustainable practices, we can enhance the resilience of these
ecosystems and mitigate the effects of climate change. Through collaborative efforts and informed
decision-making, we have the opportunity to protect our water resources, preserve biodiversity and
ensure the well-being of both human and natural communities for generations to come.

Potential effects of climate change in the provision of ES and the
design of BGINs

Building climate change scenarios is critical to understand the impacts and cascade effects on the
provisioning of ES in DRN. Moreover, comparing current climate conditions to future scenarios can
actually be used to show how specific catchment areas or river reaches within a DRN might be more
significantly affected on the ES provision they deliver. Following, the approached laid out in this
deliverable allows incorporating these new climate change scenarios into the modelling of the 6 ES
considered in the second part of the deliverable and analyzing where investments in NBS across the
landscape could be more fruitful. Although this is beyond the scope of this deliverable, we will give
some hints below on how climate change scenarios could be incorporated.

For example, the water provisioning ES could actually show how different scenarios will reduce water
availability in specific areas or seasons. In relation to this, current advances in DRYVER have provided
a set of reach-scale daily hydrological projections for the periods 2041-2070 and 2071-2100 for each
DRN (Devers et al., 2023). Projections were based on 5 Global Climate Models (GCMs) and 3 shared
socio-economic pathways (SSPs) and they give us an insight of the potential consequences of climate
change of future water provisioning situations. In this regard, independently of the GCM-SSP
combination used, Devers et al. (2023) pointed out a decrease in the annual discharge in all the DRNs
meaning a reduction of the water available to maintain the different human activities that directly
depend on this resource. This means a high potential risk for water security in these DRN in the
upcoming decades. However, Devers et al.(2023) also showed that the reduction of discharge and
water provisioning ES is not equally distributed across regions and periods. Accordingly, discharge
decreased for all DRNs in spring, summer and autumn while 2 DRNs (France and Finland) showed a
slightly increase in winter. Hence, water security risk will be higher in the Spain, Croatia, Czech Republic
and Hungary DRNs and especially during the summer months. In the summer months, water
availability can be reduced by over 50% compared to the current situation. Moreover, the highest
decrease was observed in the far future (2071-2100).
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By the same token, the other ES modelled in this deliverable can be modelled with the new climate
change scenario datasets (e.g., precipitation, temperature, solar radiation) and differences with the
current scenario could be detected spatially explicit across DRNs and their catchments. This is
especially significant for flood regulation on hills, erosion regulation, drought regulation, and carbon
emissions as their models could be launched with new datasets incorporating these variables.
However, the models for flood regulation on floodplains, and thermal regulation do not allow
incorporating datasets on climate change scenarios in their current form. For these ES the results
should be interpreted as a maximum landscape potential independent of the climatic scenario.
Anyhow, the design of specific NBS or the integration of NBS into larger BGINSs (i.e. networks of multiple
NBS) do not require to have a climate change scenario ran with the current ES models. In fact, the
current ES models already pick up which are the areas for restoration (need to increase ES provisioning)
or for conservation (need to conserve the current ES provisioning) for specific regulatory purposes (i.e.
water, sediments, carbon, etc..).

Finally, it should be noted that the developed digital resources in this deliverable (i.e. datasets, GIS
environments and ES models) also allow evaluating the effect of multiple NBS deployed in the
landscape. However, a scenario with the deployment of NBS should be generated in order to model
the overall effect on the considered ES. Again this is an exercise which is beyond the scope of this
deliverable and some adjustments might be needed to evaluate the effects of some NBS within the
current ES models, but some insights could be pointed out (see Table 9).

Table 9. Potential effect (H: High, M: Medium, L: Low or “-“: nill) of Nature Base Solutions identified under the DRYVER project
Working Package 5 and the Ecosystem Service Models developed in this deliverable.

. Ecosystem Service Models
Nature Based Solution : —
Water p. | Erosionr. Flood r. | Drought r. | Thermal r. | C-Emissions

S Floodplains H M H M H H
@ |Hillside Forest Cover H H H H H M
o]

= Riparian vegetation L H M M H H
‘5 |Hedges L L L L M L
E Buffer strips L L L L M L
£ [Wood (Hillsides / River) - - - - - -
‘3 Rivers L L L L L H
é Wetlands M - - M - -
" |Lakes M - - M - -
,Tg Small reservoir-pond L - - M - -
& |Infiltration (various) H - - H - -
< Bioengineering Erosion - H - - - -
:,C-; Crop Rotation ) ) ) ) B ~
1S

% Catle management _ ) ) ) B B
c

§ Water demands H . - H - -
,§ Re-meandering - - - - - _
g Bank renaturalization - - - - -

(%)

& |Removal of Barriers - - - - _ _

In this regard, any action that is restoring or conserving native forests or vegetation (e.g. shrub type in
more Mediterranean landscapes) on floodplains, hillsides or riparian areas have a high probability of
producing a remarkable effect on most ecosystem services considered in the current developed
models. On the contrary, the smaller spatial extent and difficulty of capturing at the current pixel

PAYVER ‘
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resolution the effect of hedges and buffer strips might lower down the effect of this habitat types on
the current ES models. Among the aquatic ecosystems, rivers have had the largest consideration within
DRYVER, but most of the ES modelled are catchment ES that river benefit from, except for the C-
emissions (Table 9). In opposition, lakes and wetlands might only contribute to water provisioning or
drought regulation (i.e. increasing the available surface water storage). Finally, among the artificially
generated habitats, small ponds and actions directed to increase infiltration might only generate a
potential effect on Water provisioning and Drought regulation ES results, while bioengineering erosion
control measures could have an effect on the erosion regulation results (Table 9). It is important to
remark that Water demand regulation could actually be a very management successful measure
contributing substantially to Water provisioning, Drought regulation and indirectly to other ES not
modelled within this deliverable.




136

References

Acuia, V., WOLF, A., UEHLINGER, U., & TOCKNER, K. (2008). Temperature dependence of stream
benthic respiration in an Alpine river network under global warming. Freshwater Biology, 53(10),
2076-2088. https://doi.org/https://doi.org/10.1111/j.1365-2427.2008.02028.x

Adam, M., Urbazaev, M., Dubois, C., & Schmullius, C. (2020). Accuracy assessment of gedi terrain
elevation and canopy height estimates in European temperate forests: Influence of
environmental and  acquisition parameters. Remote Sensing, 12(23), 1-28.
https://doi.org/10.3390/rs12233948

Alcamo, J., Florke, M., & Marker, M. (2007). Future long-term changes in global water resources driven
by socio-economic and climatic changes. Hydrological Sciences Journal, 52(2), 247-275.
https://doi.org/10.1623/hysj.52.2.247

Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). Crop evapotranspiration - Guidelines for
computing crop water requirements - FAO Irrigation and drainage paper 56. Fao, Rome, 300(9).
https://www.researchgate.net/publication/235704197

Alvarez-Martinez, J. M., Silié-Calzada, A., & Barquin, J. (2018). Can training data counteract topographic
effects in supervised image classification? A sensitivity analysis in the Cantabrian Mountains
(Spain). International Journal of Remote Sensing, 39(23).
https://doi.org/10.1080/01431161.2018.1489163

Alvarez Martinez, J.-M., Suarez-Seoane, S., & De Luis Calabuig, E. (2011). Modelling the risk of land
cover change from environmental and socio-economic drivers in heterogeneous and changing
landscapes: The role of uncertainty. Landscape and Urban Planning, 101(2).
https://doi.org/10.1016/j.landurbplan.2011.01.009

Amore, E., Modica, C., Nearing, M. A., & Santoro, V. C. (2004). Scale effect in USLE and WEPP
application for soil erosion computation from three Sicilian basins. Journal of Hydrology, 293(1-
4), 100—-114. https://doi.org/10.1016/j.jhydrol.2004.01.018

Armstrong McKay, D. I., Staal, A., Abrams, J. F., Winkelmann, R., Sakschewski, B., Loriani, S., Fetzer, I.,
Cornell, S. E., Rockstrém, J., & Lenton, T. M. (2022). Exceeding 1.5°C global warming could trigger
multiple climate tipping points. Science, 377(6611). https://doi.org/10.1126/science.abn7950

Arthington, A. H., Bunn, S. E., Poff, N. L., & Naiman, R. J. (2006). THE CHALLENGE OF PROVIDING
ENVIRONMENTAL FLOW RULES TO SUSTAIN RIVER ECOSYSTEMS. Ecological Applications, 16(4),
1311-1318. https://doi.org/https://doi.org/10.1890/1051-
0761(2006)016[1311:TCOPEF]2.0.CO;2

Bachiller-Jareno, N., Hutchins, M. G., Bowes, M. J., Charlton, M. B., & Orr, H. G. (2019). A novel
application of remote sensing for modelling impacts of tree shading on water quality. Journal of
Environmental Management, 230, 33-42.
https://doi.org/https://doi.org/10.1016/j.jenvman.2018.09.037

Battin, T. J., Lauerwald, R., Bernhardt, E. S., Bertuzzo, E., Gdmez-Gener, L., Hall, R. O., Hotchkiss, E. R.,
Maavara, T., Pavelsky, T. M., Ran, L., Raymond, P. A., Rosentreter, J. A., & Regnier, P. (2023). River
ecosystem metabolism and carbon biogeochemistry in a changing world. Nature, 613(January).

Belmar, O., Barquin, J., Alvarez-Martinez, J. M., Pefias, F. J., & Del Jesus, M. (2018). The role of forest
maturity in extreme hydrological events. Ecohydrology, 11(4), 1-12.
https://doi.org/10.1002/eco.1947

Benda, L., Miller, D., & Barquin, J. (2011). Creating a catchment scale perspective for river restoration.




137

Hydrology and Earth System Sciences, 15, 2995-3015. https://doi.org/10.5194/hess-15-2995-
2011

Benda, Lee, Miller, D., Andras, K., Bigelow, P., Reeves, G., & Michael, D. (2007). NetMap: a new tool in
support of watershed science and resource management. Forest Science, 53(2), 206—219.

Bernhardt, E. S., Heffernan, J. B., Grimm, N. B., Stanley, E. H., Harvey, J. W., Arroita, M., Appling, A. P,
Cohen, M. J., McDowell, W. H., Hall, R. O., Read, J. S., Roberts, B. J., Stets, E. G., & Yackulic, C. B.
(2018). The metabolic regimes of flowing waters. Limnology and Oceanography, 63(October),
$99-5118. https://doi.org/10.1002/In0.10726

Beven, K. J., & Kirkby, M. J. (1979). A physically based, variable contributing area model of basin
hydrology. Hydrological Sciences Bulletin, 24(1), 43-69.
https://doi.org/10.1080/02626667909491834

Bonacina, L., Fasano, F., Mezzanotte, V., & Fornaroli, R. (2023). Effects of water temperature on
freshwater macroinvertebrates: a systematic review. Biological Reviews, 98(1), 191-221.
https://doi.org/https://doi.org/10.1111/brv.12903

Broadmeadow, S., & Nisbet, T. R. (2004). The effects of riparian forest management on the freshwater
environment: a literature review of best management practice. Hydrol. Earth Syst. Sci., 8(3), 286—
305. https://doi.org/10.5194/hess-8-286-2004

Bruijnzeel, L. A. (2004). Hydrological functions of tropical forests: Not seeing the soil for the trees?
Agriculture, Ecosystems and Environment, 104(1), 185-228.
https://doi.org/10.1016/j.agee.2004.01.015

Burkhard, B., & Maes, J. (2017). Mapping Ecosystem Services (B. Burkhard & B. Burkhard (eds.); Pensoft
Publishers).

Burkhard, Benjamin, Kandziora, M., Hou, Y., & Miiller, F. (2014). Ecosystem service potentials, flows
and demands-concepts for spatial localisation, indication and quantification. Landscape Online,
34(1), 1-32. https://doi.org/10.3097/L0.201434

Burt, T. P., & Butcher, D. P. (1985). Topographic controls of soil moisture distributions. Journal of Soil
Science, 36, 469-486. https://doi.org/doi.org/10.1111/j.1365-2389.1985.tb00351.x

Blttner, G., Feranec, J., Jaffrain, G., Mari, L., Maucha, G., & Soukup, T. (2004). The CORINE land cover
2000 project. EARSel EProceedings, 3(3), 331-346.

Cassin, J., & Matthews, J. H. (2021). Nature-based solutions, water security and climate change: Issues
and opportunities. Nature-Based Solutions and Water Security: An Action Agenda for the 21st
Century, 63-79. https://doi.org/10.1016/B978-0-12-819871-1.00017-8

Chatzimentor, A., Apostolopoulou, E., & Mazaris, A. D. (2020). A review of green infrastructure
research in Europe: Challenges and opportunities. Landscape and Urban Planning, 198, 103775.
https://doi.org/https://doi.org/10.1016/j.landurbplan.2020.103775

Chausson, A., Turner, B., Seddon, D., Chabaneix, N., Girardin, C. A. J., Kapos, V., Key, ., Roe, D., Smith,
A., Woroniecki, S., & Seddon, N. (2020). Mapping the effectiveness of nature-based solutions for
climate change adaptation. Global ~ Change  Biology, 26(11), 6134—-6155.
https://doi.org/https://doi.org/10.1111/gcb.15310

Dadson, S. J., Hall, J. W., Murgatroyd, A., Acreman, M., Bates, P., Beven, K., Heathwaite, L., Holden, J.,
Holman, I. P., Lane, S. N., O’Connell, E., Penning-Rowsell, E., Reynard, N., Sear, D., Thorne, C., &
Wilby, R. (2017). A restatement of the natural science evidence concerning catchment-based
‘natural’ flood management in the UK. Proceedings of the Royal Society A: Mathematical, Physical
and Engineering Sciences, 473(2199), 20160706. https://doi.org/10.1098/rspa.2016.0706




138

Datry, T., Allen, D., Argelich, R., Barquin, J., Bonada, N., Boulton, A., Branger, F., Cai, Y., Cafiedo-
Arglelles, M., Cid, N., Csabai, Z., Dallimer, M., de Araujo, J. C., Declerck, S., Dekker, T., Doll, P.,
Encalada, A., Forcellini, M., Foulquier, A, ... Vinyoles, D. (2021). Securing Biodiversity, Functional
Integrity, and Ecosystem Services in Drying River Networks (DRYVER). Research Ideas and
Outcomes, 7. https://doi.org/10.3897/rio.7.e77750

Datry, T., Boulton, A. J., Bonada, N., Fritz, K., Leigh, C., Sauquet, E., Tockner, K., Hugueny, B., & Dahm,
C. N. (2018). Flow intermittence and ecosystem services in rivers of the Anthropocene. Journal of
Applied Ecology, 55(1), 353—364. https://doi.org/10.1111/1365-2664.12941

Datry, T., Singer, G., Sauquet, E., Jorda-Capdevila, D., Von Schiller, D., Stubbington, R., Magand, C.,
Pafil, P., Milisa, M., Acuia, V., Alves, M. H., Augeard, B., Brunke, M., Cid, N., Csabai, Z., England,
J., Froebrich, J., Koundouri, P., Lamouroux, N., ... Zoppini, A. (2017). Science and Management of
Intermittent Rivers and Ephemeral Streams (SMIRES). Research Ideas and Outcomes, 3, e21774.
https://doi.org/10.3897/rio.3.e21774

De Groot, R. S., Wilson, M. A,, & Boumans, R. M. J. (2002). A typology for the classification, description
and valuation of ecosystem functions, goods and services. In Ecological Economics (Vol. 41).
www.elsevier.com/locate/ecolecon

Devers, A., Lauvernet, C., Vidal, J. (2023). Report concerning the reach-scale streamflow projections in
DRN over the historical and future period.

Dobrowski, S. Z. (2011). A climatic basis for microrefugia: the influence of terrain on climate. Global
Change  Biology, 17(2), 1022-1035. https://doi.org/https://doi.org/10.1111/j.1365-
2486.2010.02263.x

Doll, P., Muller Schmied, H., Schuh, C., Portmann, F. T., & Eicker, A. (2014). Global-scale assessment of
groundwater depletion and related groundwater abstractions: Combining hydrological modeling
with information from well observations and GRACE satellites. Water Resources Research, 50(7),
5698-5720. https://doi.org/https://doi.org/10.1002/2014WR015595

Du, Y., Zhao, D., Qiu, S., Zhou, F., & Peng, J. (2022). How can virtual water trade reshape water stress
pattern? A global evaluation based on the metacoupling perspective. Ecological Indicators, 145.
https://doi.org/10.1016/j.ecolind.2022.109712

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler, D. J., Lévéque, C., Naiman, R.
J., Prieur-Richard, A.-H., Soto, D., Stiassny, M. L. J., & Sullivan, C. A. (2006). Freshwater
biodiversity: importance, threats, status and conservation challenges. Biological Reviews, 81(2),
163-182. https://doi.org/DOI: 10.1017/51464793105006950

El Kateb, H., Zhang, H., Zhang, P., & Mosandl, R. (2013). Soil erosion and surface runoff on different
vegetation covers and slope gradients: A field experiment in Southern Shaanxi Province, China.
CATENA, 105, 1-10. https://doi.org/10.1016/J.CATENA.2012.12.012

Ellison, D., Morris, C. E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., Noordwijk, M.
van, Creed, I. F., Pokorny, J., Gaveau, D., Spracklen, D. V, Tobella, A. B., lIstedt, U., Teuling, A. J.,
Gebrehiwot, S. G., Sands, D. C., Muys, B., Verbist, B., ... Sullivan, C. A. (2017). Trees, forests and
water: Cool insights for a hot world. Global Environmental Change, 43, 51-61.
https://doi.org/https://doi.org/10.1016/j.gloenvcha.2017.01.002

Endo, A., Tsurita, |., Burnett, K., & Orencio, P. M. (2017). A review of the current state of research on
the water, energy, and food nexus. Journal of Hydrology: Regional Studies, 11, 20-30.
https://doi.org/https://doi.org/10.1016/j.ejrh.2015.11.010

Erkal, T., & Yildirim, U. (2012). Soil erosion risk assessment in the sincanli sub-watershed of the Akarcay
Basin (Afyonkarahisar, Turkey) using the Universal Soil Loss Equation (USLE). Ekoloji, 84, 18-29.




139

https://doi.org/10.5053/ekol0ji.2012.843

Feld, C. K., Birk, S., Bradley, D. C., Hering, D., Kail, J., Marzin, A., Melcher, A., Nemitz, D., Pedersen, M.
L., Pletterbauer, F., Pont, D., Verdonschot, P. F. M., & Friberg, N. (2011). Chapter Three - From
Natural to Degraded Rivers and Back Again: A Test of Restoration Ecology Theory and Practice. In
G. Woodward (Ed.), Advances in Ecological Research (Vol. 44, pp. 119-209). Academic Press.
https://doi.org/https://doi.org/10.1016/B978-0-12-374794-5.00003-1

Fernandez, D., Barquin, J., Alvarez-Cabria, M., & Pefias, F. J. (2012). Quantifying the performance of
automated GIS-based geomorphological approaches for riparian zone delineation using digital
elevation models. Hydrology and Earth System Sciences, 16(10), 3851-3862.
https://doi.org/10.5194/hess-16-3851-2012

Fu, P., & Rich, P. M. (2000). The Solar Analyst users manual. Helios Environmental Modeling Institute
(HEMI), USA.

Fu, Pinde, & Rich, P. M. (2002). A geometric solar radiation model with applications in agriculture and
forestry. Computers and Electronics in Agriculture, 37(1-3), 25-35.

Gounand, I., Little, C. J., Harvey, E., & Altermatt, F. (2020). Global quantitative synthesis of ecosystem
functioning across climatic zones and ecosystem types. Global Ecology and Biogeography, 29(7),
1139-1176. https://doi.org/10.1111/geb.13093

Graf, W., & Lecce, S. (1988). Fluvial processes in dryland rivers (Vol. 346). Springer-Verlag .

Gruber, S., & Peckham, S. (2009). Land-Surface Parameters and Objects in Hydrology. In Developments
in Soil Science (Vol. 33, Issue C, pp. 171-194). Elsevier. https://doi.org/10.1016/5S0166-
2481(08)00007-X

Gudmundsson, L., Boulange, J., Do, H. X., Gosling, S. N., Grillakis, M. G., Koutroulis, A. G., Leonard, M.,
Liu, J., Miller Schmied, H., Papadimitriou, L., Pokhrel, Y., Seneviratne, S. I., Satoh, Y., Thiery, W.,
Westra, S., Zhang, X., & Zhao, F. (2021). Globally observed trends in mean and extreme river flow
attributed to climate change. Science, 371(6534), 1159-1162.
https://doi.org/10.1126/science.aba3996

Haines-Young, R., & Potschin, M. (2018). Common International Classification of Ecosystem Services
(CICES) V5.1 Guidance on the Application of the Revised Structure. www.cices.eu

Hopp, L., & McDonnell, J. J. (2009). Connectivity at the hillslope scale: Identifying interactions between
storm size, bedrock permeability, slope angle and soil depth. Journal of Hydrology, 376(3—4),
378-391. https://doi.org/10.1016/j.jhydrol.2009.07.047

Hotchkiss, E. R., Hall, R. O., Sponseller, R. A., Butman, D., Klaminder, J., Laudon, H., Rosvall, M., &
Karlsson, J. (2015). Sources of and processes controlling CO2emissions change with the size of
streams and rivers. Nature Geoscience, 8(9), 696—699. https://doi.org/10.1038/ngeo02507

Ilhardt, B. L., Verry, E. S., & Palik, B. J. (2000). Defining Riparian Areas. Forestry and the Riparian Zone,
7-13.

lIstedt, U., Bargués Tobella, A., Bazié, H. R., Bayala, J., Verbeeten, E., Nyberg, G., Sanou, J., Benegas, L.,
Murdiyarso, D., Laudon, H., Sheil, D., & Malmer, A. (2016). Intermediate tree cover can maximize
groundwater recharge in the seasonally dry tropics. Scientific Reports, 6.
https://doi.org/10.1038/srep21930

lIstedt, Ulrik, Malmer, A., Verbeeten, E., & Murdiyarso, D. (2007). The effect of afforestation on water
infiltration in the tropics: A systematic review and meta-analysis. Forest Ecology and
Management, 251(1-2), 45-51. https://doi.org/10.1016/).FOREC0.2007.06.014




140

IPCC. (2014). Synthesis Report 2014. Contribution of Working Groups I, Il and Ill to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, 151(10.1017).

IPCC. (2018). Summary for Policymakers. In Global Warming of 1.5°C (pp. 1-24). Cambridge University
Press. https://doi.org/10.1017/9781009157940.001

Issaka, S., & Ashraf, M. A. (2017). Impact of soil erosion and degradation on water quality: a review.
Geology, Ecology, and Landscapes, 1(1), 1-11. https://doi.org/10.1080/24749508.2017.1301053

Jobbagy, E. G., & Jackson, R. B. (2004). The uplift of soil nutrients by plants: biogeochemical
consequences across scales. Ecology, 85(9), 2380-2389.

Johnson, M. F., & Wilby, R. L. (2015). Seeing the landscape for the trees: Metrics to guide riparian shade
management in river catchments. Water Resources Research, 51(5), 3754-3769.
https://doi.org/https://doi.org/10.1002/2014WR016802

Jutebring Sterte, E., Lidman, F., Lindborg, E., Sjoberg, Y., & Laudon, H. (2021). How catchment
characteristics influence hydrological pathways and travel times in a boreal landscape. Hydrology
and Earth System Sciences, 25(4), 2133-2158. https://doi.org/10.5194/hess-25-2133-2021

Karabulut, A., Egoh, B. N., Lanzanova, D., Grizzetti, B., Bidoglio, G., Pagliero, L., Bouraoui, F., Aloe, A.,
Reynaud, A., Maes, J., Vandecasteele, I., & Mubareka, S. (2016). Mapping water provisioning
services to support the ecosystem—water—food—energy nexus in the Danube river basin.
Ecosystem Services, 17, 278-292. https://doi.org/https://doi.org/10.1016/j.ecoser.2015.08.002

Keesstra, S., Nunes, J., Novara, A., Finger, D., Avelar, D., Kalantari, Z., & Cerda, A. (2018). The superior
effect of nature based solutions in land management for enhancing ecosystem services. Science
of The Total Environment, 610-611, 997-1009.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2017.08.077

Kopecky, M., Macek, M., & Wild, J. (2021). Topographic Wetness Index calculation guidelines based on
measured soil moisture and plant species composition. Science of The Total Environment, 757,
143785. https://doi.org/10.1016/).SCITOTENV.2020.143785

Koundouri, P., Boulton, A. J., Datry, T., & Souliotis, I. (2017). Ecosystem services, values, and societal
perceptions of intermittent rivers and ephemeral streams. In Intermittent rivers and ephemeral
streams (pp. 455—476). Elsevier.

Kiinne, A., Mimeau, L., Branger, F., & Kralisch, S. (2022). Report on catchment-scale spatially distributed
models for the 6 European focal DRNSs.

Lamouroux, N., & Souchon, Y. (2002). Simple predictions of instream habitat model outputs for fish
habitat  guilds in large streams. Freshwater  Biology, 47(8), 1531-1542.
https://doi.org/10.1046/j.1365-2427.2002.00880.x

Larned, S. T., Datry, T., Arscott, D. B., & Tockner, K. (2010). Emerging concepts in temporary-river
ecology. Freshwater Biology, 55(4), 717-738.

Le Quéré, C., Raupach, M. R., Canadell, J. G., Marland, G., Bopp, L., Ciais, P., Conway, T. J., Doney, S. C.,
Feely, R. A., Foster, P., Friedlingstein, P., Gurney, K., Houghton, R. A., House, J. |., Huntingford, C.,
Levy, P. E., Lomas, M. R., Majkut, J., Metzl, N., ... Woodward, F. I. (2009). Trends in the sources
and sinks of carbon dioxide. Nature Geoscience, 2(12), 831-836.
https://doi.org/10.1038/ngeo689

Lehner, B., Doll, P., Alcamo, J., Henrichs, T., & Kaspar, F. (2006). Estimating the Impact of Global Change
on Flood and Drought Risks in Europe: A Continental, Integrated Analysis. Climatic Change, 75(3),
273-299. https://doi.org/10.1007/s10584-006-6338-4




141

Leigh, C., & Sheldon, F. (2009). Hydrological connectivity drives patterns of macroinvertebrate
biodiversity in floodplain rivers of the Australian wet/dry tropics. Freshwater Biology, 54(3), 549—
571. https://doi.org/10.1111/j.1365-2427.2008.02130.x

Leopold, L. B., & Maddock, T. J. (1953). The hydraulic geometry of stream channels and some
physiographic implications. Geological Survey, 57. 10.3133/pp252

Maetens, W., Vanmaercke, M., Poesen, J., Jankauskas, B., Jankauskiene, G., & lonita, I. (2012). Effects
of land use on annual runoff and soil loss in Europe and the Mediterranean: A meta-analysis of
plot data. Progress in Physical Geography, 36(5), 599-653.
https://doi.org/10.1177/0309133312451303

Marcé, R., Obrador, B., Gdmez-Gener, L., Catalan, N., Koschorreck, M., Arce, M. |., Singer, G., & von
Schiller, D. (2019). Emissions from dry inland waters are a blind spot in the global carbon cycle.
Earth-Science Reviews, 188(March 2018), 240-248.
https://doi.org/10.1016/j.earscirev.2018.11.012

Martinez-Retureta, R., Aguayo, M., Stehr, A., Sauvage, S., Echeverria, C., & Sanchez-Pérez, J. M. (2020).
Effect of land use/cover change on the hydrological response of a southern center basin of Chile.
Water (Switzerland), 12(1). https://doi.org/10.3390/w12010302

Mcnamara, J. P., Tetzlaff, D., Bishop, K., Soulsby, C., Seyfried, M., Peters, N. E., Aulenbach, B. T., &
Hooper, R. (2011). Storage as a Metric of Catchment Comparison. Hydrological Processes, 25(21),
3364-3371. https://doi.org/10.1002/hyp.8113

Messager, M. L., Lehner, B., Cockburn, C., Lamouroux, N., Pella, H., Snelder, T., Tockner, K., Trautmann,
T., Watt, C., & Datry, T. (2021). Global prevalence of non-perennial rivers and streams. Nature,
594(7863), 391-397. https://doi.org/10.1038/s41586-021-03565-5

Miller, D. J., & Burnett, K. M. (2007). Effects of forest cover, topography, and sampling extent on the
measured density of shallow, translational landslides. Water Resources Research, 43(3).

MME. (2005). Millenium Ecosystem Assessment: Ecosystems and Human Well-Being: Synthesis. DC:
Island Press.

Mooney, H., Larigauderie, A., Cesario, M., EImquist, T., Hoegh-Guldberg, O., Lavorel, S., Mace, G. M.,
Palmer, M., Scholes, R., & Yahara, T. (2009). Biodiversity, climate change, and ecosystem services.
Current Opinion in Environmental Sustainability, 1(12), 46-54.
https://doi.org/https://doi.org/10.1016/j.cosust.2009.07.006

Morel, M., Booker, D. J., Gob, F., & Lamouroux, N. (2020). Intercontinental predictions of river hydraulic
geometry from catchment physical characteristics. Journal of Hydrology, 582(November 2019),
124292. https://doi.org/10.1016/j.jhydrol.2019.124292

Morgan. (2005). SOIL EROSION AND CONSERVATION.

Morri, E., Pruscini, F., Scolozzi, R., & Santolini, R. (2014). A forest ecosystem services evaluation at the
river basin scale: Supply and demand between coastal areas and upstream lands (Italy). Ecological
Indicators, 37, 210-219. https://doi.org/https://doi.org/10.1016/j.ecolind.2013.08.016

Nadeau, T., & Rains, M. C. (2007). Hydrological connectivity between headwater streams and
downstream waters: how science can inform policy 1. JAWRA Journal of the American Water
Resources Association, 43(1), 118-133.

Neary, D. G., Ice, G. G., & Jackson, C. R. (2009). Linkages between forest soils and water quality and
quantity. Forest Ecology and Management, 258(10), 2269-2281.
https://doi.org/https://doi.org/10.1016/j.foreco.2009.05.027




142

Olander, L. P., Johnston, R. J., Tallis, H., Kagan, J., Maguire, L. A., Polasky, S., Urban, D., Boyd, J.,
Wainger, L., & Palmer, M. (2018). Benefit relevant indicators: Ecosystem services measures that
link ecological and social outcomes. Ecological Indicators, 85, 1262-1272.
https://doi.org/10.1016/j.ecolind.2017.12.001

Pandey, A., Chowdary, V. M., & Mal, B. C. (2007). Identification of critical erosion prone areas in the
small agricultural watershed using USLE, GIS and remote sensing. Water Resources Management,
21(4), 729-746. https://doi.org/10.1007/s11269-006-9061-z

Park, Y.-J., Sudicky, E. A., Brookfield, A. E., & Jones, J. P. (2011). Hydrologic response of catchments to
precipitation: Quantification of mechanical carriers and origins of water. Water Resources
Research, 47(12). https://doi.org/https://doi.org/10.1029/2010WR010075

Paruelo, J. M., Pifieiro, G., Escribano, P., Oyonarte, C., Alcaraz, D., & Cabello, J. (2005). Temporal and
spatial patterns of ecosystem functioning in protected arid areas in southeastern Spain. Applied
Vegetation Science, 8(1), 93-102. https://doi.org/https://doi.org/10.1111/j.1654-
109X.2005.tb00633.x

Pefia-Arancibia, J. L., Bruijnzeel, L. A., Mulligan, M., & van Dijk, A. I. J. M. (2019). Forests as ‘sponges’
and ‘pumps’: Assessing the impact of deforestation on dry-season flows across the tropics.
Journal of Hydrology, 574, 946—963. https://doi.org/10.1016/j.jhydrol.2019.04.064

Pérez Rubi, M., & Hack, J. (2021). Co-design of experimental nature-based solutions for decentralized
dry-weather runoff treatment retrofitted in a densely urbanized area in Central America. Ambio,
50(8), 1498-1513. https://doi.org/10.1007/s13280-020-01457-y

Pielke, R. A., & Downton, M. W. (2000). Precipitation and damaging floods: Trends in the United States,
1932-97. Journal of Climate, 13(20), 3625-3637.

Ponce, V. M., & Hawkins, R. H. (1996). Runoff Curve Number: Has It Reached Maturity? Hydrological
Engineering, 1, 11-19. https://doi.org/10.1061/(ASCE)1084-0699(1996)1:1(11)

Price, K. (2011). Effects of watershed topography, soils, land use, and climate on baseflow hydrology
in humid regions: A review. In Progress in Physical Geography (Vol. 35, Issue 4, pp. 465-492).
SAGE Publications Ltd. https://doi.org/10.1177/0309133311402714

Raska, P., Bezak, N., Ferreira, C. S. S., Kalantari, Z., Banasik, K., Bertola, M., Bourke, M., Cerda, A.,
Davids, P., Madruga de Brito, M., Evans, R., Finger, D. C., Halbac-Cotoara-Zamfir, R., Housh, M.,
Hysa, A., Jakubinsky, J., Solomun, M. K., Kaufmann, M., Keesstra, S., ... Hartmann, T. (2022).
Identifying barriers for nature-based solutions in flood risk management: An interdisciplinary
overview using expert community approach. Journal of Environmental Management, 310,
114725. https://doi.org/https://doi.org/10.1016/].jenvman.2022.114725

Raymond, P. A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C., Hoover, M., Butman, D., Striegl,
R., Mayorga, E., Humborg, C., Kortelainen, P., Dirr, H., Meybeck, M., Ciais, P., & Guth, P. (2013).
Global carbon dioxide emissions from inland waters. Nature, 503(7476), 355-359.
https://doi.org/10.1038/nature12760

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A,, Johnson, P. T., Kidd, K. A., MacCormack,
T.J., Olden, J. D., Ormerod, S. J., Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon,
D., & Cooke, S. J. (2018). Emerging threats and persistent conservation challenges for freshwater
biodiversity. Biological Reviews, 000—000. https://doi.org/10.1111/brv.12480

Rich, P., Dubayah, R., Hetrick, W., & Saving, S. (1994). Using viewshed models to calculate intercepted
solar radiation: applications in ecology. American Society for Photogrammetry and Remote
Sensing Technical Papers. American Society of Photogrammetry and Remote Sensing, 524-529.




143

Rockstrom, J., Falkenmark, M., Karlberg, L., Hoff, H., Rost, S., & Gerten, D. (2009). Future water
availability for global food production: The potential of green water for increasing resilience to
global change. Water Resources Research, 45(7).

Sabater, S., Timoner, X., Borrego, C., & Acuia, V. (2016). Stream biofilm responses to flow
intermittency: From cells to ecosystems. Frontiers in Environmental Science, 4(MAR), 1-10.
https://doi.org/10.3389/fenvs.2016.00014

Seidl, R., & Lexer, M. J. (2013). Forest management under climatic and social uncertainty: trade-offs
between reducing climate change impacts and fostering adaptive capacity. Journal of
Environmental Management, 114, 461-469.

Shanafield, M., Bourke, S. A., Zimmer, M. A., & Costigan, K. H. (2021). An overview of the hydrology of
non-perennial rivers and streams. WIREs Water, 8(2), el1504.
https://doi.org/https://doi.org/10.1002/wat2.1504

Sharp, R., Tallis, H. T., Ricketts, T., Guerry, A. D., Wood, S. A., Nelson, E., Ennaanay, D., Wolny, S.,
Olwero, N., Vigerstol, K., Pennington, D., Mendoza, G., Aukema, J., Foster, J., Forrest, J., Cameron,
D., Arkema K., Lonsdorf, E., Kennedy, C., ... Chaplin-Kramer, R. (2019). Natural Capital Project,
2022. InVEST 3.13 User’s Guide.

Sheridan, J. M., Lowrance, R., & Bosch, D. D. (1999). Management effects on runoff and sediment
transport in riparian forest buffers. Transactions of the ASAE, 42(1), 55—64.

Sidle, R. C., Pearce, A. J., & O’Loughlin, C. L. (1985). Hillslope stability and land use. American
geophysical union.

Simons, G., Koster, R., & Droogers, P. (2020). HiHydroSoil v2.0 - A high resolution soil map of global
hydraulic properties. FutureWater Report 213.

Smith, T. M. (Thomas M., & Smith, R. L. (1998). Elements of ecology.

Spinoni, J., Barbosa, P., Cherlet, M., Forzieri, G., McCormick, N., Naumann, G., Vogt, J. V, & Dosio, A.
(2021). How will the progressive global increase of arid areas affect population and land-use in
the 21st century? Global and Planetary Change, 205, 103597.
https://doi.org/https://doi.org/10.1016/j.gloplacha.2021.103597

Sponseller, R. A., Heffernan, J. B., & Fisher, S. G. (2013). On the multiple ecological roles of water in
river networks. Ecosphere, 4(2), artl17. https://doi.org/https://doi.org/10.1890/ES12-00225.1

Staccione, A., Broccoli, D., Mazzoli, P., Bagli, S., & Mysiak, J. (2021). Natural water retention ponds for
water management in agriculture: A potential scenario in Northern Italy. Journal of
Environmental Management, 292. https://doi.org/10.1016/j.jenvman.2021.112849

Stokes A., Norris J. E., & Greenwood J. R. (2008). Introduction to Ecotechnological Solutions. In Slope
stability and erosion control: Ecotechnological solutions (pp. 1-8).

Stolte. (2016). Stolte et al. 2016 (JRC Report)_Soil threats in Europe_status, methods, drivers and effects
on ecosystem services.

Sundseth K. (2010). Natura 2000 in the Boreal Region. https://doi.org/10.2779/84505

Sutfin, N. A., Wohl, E. E., & Dwire, K. A. (2016). Banking carbon: A review of organic carbon storage and
physical factors influencing retention in floodplains and riparian ecosystems. Earth Surface
Processes and Landforms, 41(1), 38—60. https://doi.org/10.1002/esp.3857

Terink, W., Lutz, A. F., Simons, G. W. H., Immerzeel, W. W., & Droogers, P. (2015). SPHY v2.0: Spatial
Processes in HYdrology. Geoscientific Model Development, 8(7), 2009-2034.
https://doi.org/10.5194/gmd-8-2009-2015




144

Thomas, H., Gaetan, P., Roberta, R., Hugues, B., Jacques, B., Xavier, P., Jean-Baptiste, N., Manuel, A.
M. J., Stefano, B., Cendrine, M., Lucie, L., Johanna, B., & José, B. (2022). European blue and green
infrastructure network strategy vs. the common agricultural policy. Insights from an integrated
case study (Couesnon, Brittany). Land Use Policy, 120, 106277.
https://doi.org/https://doi.org/10.1016/j.landusepol.2022.106277

Timoner, X., Acuiia, V., Von Schiller, D., & Sabater, S. (2012). Functional responses of stream biofilms
to flow cessation, desiccation and rewetting. Freshwater Biology, 57(8), 1565-1578.
https://doi.org/10.1111/j.1365-2427.2012.02818.x

Van Beek, R., Cammeraat, E., Andreu, V., Mickovski, S. B., & Dorren, L. (2008). Hillslope processes: mass
wasting, slope stability and erosion. In Slope stability and erosion control: Ecotechnological
solutions (Vol. 3, pp. 17—-64). Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-6676-4_3

Vorosmarty, C. J., Mcintyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., Glidden, S.,
Bunn, S. E., Sullivan, C. A., Liermann, C. R., & Davies, P. M. (2010). Global threats to human water
security and river biodiversity. Nature, 467(7315), 555-561.
https://doi.org/10.1038/nature09440

Watson, J. E. M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C., Thompson, I., Ray, J. C.,
Murray, K., Salazar, A., McAlpine, C., Potapov, P., Walston, J., Robinson, J. G., Painter, M., Wilkie,
D., Filardi, C., Laurance, W. F., Houghton, R. A., ... Lindenmayer, D. (2018). The exceptional value
of intact forest ecosystems. In Nature Ecology and Evolution (Vol. 2, pp. 599-610). Nature
Publishing Group. https://doi.org/10.1038/s41559-018-0490-x

Zhang, L., Nan, Z.,Yu, W., & Ge, Y. (2016). Hydrological Responses to Land-Use Change Scenarios under
Constant and Changed Climatic Conditions. Environmental Management, 57(2), 412—-431.
https://doi.org/10.1007/s00267-015-0620-z




