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Summary 

 

English summary 

  

Riparian areas are key components of riverine systems forming the transition zone connecting 

the terrestrial and the aquatic realm. As such an ecotone, riparian areas are naturally valuable 

ecosystems in their own right, providing habitat and sustaining a high biodiversity including 

many specialist species. Furthermore, the riparian zone is functionally linked to many physical 

and biotic instream processes. 

In temperate regions riparian areas are vegetated naturally by a diverse plant community which 

is characterized by the presence of trees. Woody riparian vegetation facilitates many functions 

to the aquatic ecosystem such as retention of sediments, nutrients or pesticides. Additionally, 

canopy cover regulates light availability, therefore instream primary production, as well as 

water temperature, which further structures aquatic communities. Trees also provide inputs of 

leaves, twigs and large wood that provide food and habitat important for many adapted aquatic 

organisms. These functions are generally well documented suggesting that management of 

woody riparian vegetation is a promising tool in conservation and restoration efforts. However, 

some characteristics relevant for river managers still need further research. 

Against this background, Kail et al. (2021) investigate changes in water temperature related to 

gradual variations in canopy cover along small lowland streams as well as the length of stream 

sections required for water temperature to adapt to new conditions. It is shown, that within 

lengths still relevant to river managers (ca. 400 m) and feasible lateral widths (buffer width of 

10 m), woody cover can reduce maximum water temperatures by as much as 4.6°C, which is 

substantial. 

In Le Gall et al. (2022), Palt et al. (2022) and Palt et al. (submitted) effects of woody riparian 

vegetation on macroinvertebrates, a biological quality element relied upon in management, are 

quantified. In contrast to expected trends based on evidence from literature, the impact of 

landuse at the catchment scale is found to far outweigh that of the riparian scale if streams from 

many different backgrounds across large spatial gradients are analysed. However, by 

disentangling landuse forms at larger scales as well as hydromorphological stressors, typical 

conditions emerge in which the effect of woody riparian vegetation is identified a strong driver 

of the ecological status of the macroinvertebrates community. This suggests that managing 

woody riparian vegetation can indeed be a powerful option within the appropriate context. 

There is consensus in literature that wider buffers (typically > 30 m) of woody riparian 

vegetation are required to achieve its functions consistently. As there are competing interests 
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and landuse demands, Vermaat et al. (2021) therefor monetise ecosystem services for different 

landuse scenarios following respective shared socioeconomic pathways in four case study 

catchments. They find that the degree of woody cover within the floodplain has only a minor 

effect on overall societal benefits. However since the distribution of services varies with woody 

cover, a redistribution of benefits might be necessary for generating acceptance of such 

measures. 

In conclusion, understanding of effects and functions related to woody riparian vegetation is 

deepened by the studies encompassed in this thesis. In doing so, potential outcomes of 

management activity, have become more predictable, especially pertaining to the ecological 

status of the macroinvertebrate community. Evidence is presented that calls for more ambitious 

restoration efforts, which in turn has little adverse socioeconomic trade-offs. 

 

 

German summary 

 

Gewässerränder sind wichtige Bestandteile von Fließgewässer-Ökosystemen und bilden die 

Übergangszone zwischen dem terrestrischen und dem aquatischen Bereich. Als sogenannte 

Ökotone sind Uferbereiche von Natur aus wertvolle Ökosysteme, die einer hohen Biodiversität, 

darunter vielen spezialisierten Arten, Lebensraum bieten. Darüber hinaus ist die Uferzone 

funktionell mit vielen physikalischen und biotischen Prozessen der Fließgewässer verbunden. 

In gemäßigten Regionen sind natürliche Gewässerränder mit einer vielfältigen 

Pflanzengemeinschaft bewachsen, die durch das Vorhandensein von Bäumen gekennzeichnet 

ist. Diese sogenannten Ufergehölze erfüllen viele Funktionen die relevant für das aquatische 

Ökosystem sind, wie z. B. den Rückhalt von Feinsedimenten, Nährstoffen und Pestiziden. 

Außerdem reguliert das Blätterdach die Sonneneinstrahlung und damit die Primärproduktion in 

Fließgewässern sowie die Wassertemperatur, was die aquatische Biozönose weiter strukturiert. 

Darüber hinaus liefern Bäume Falllaub, Zweige und Totholz, was jeweils vielen 

Wasserorganismen wichtige Nahrung oder Lebensraum bietet. Diese Funktionen sind im 

Allgemeinen gut dokumentiert und legen nahe, dass die Bewirtschaftung der 

gehölzbestandenen Ufervegetation ein erfolgsversprechendes Instrument für Naturschutz und 

Renaturierung darstellt. Einige für die Bewirtschaftung relevante Aspekte bedürfen jedoch noch 

weiterer Forschung. 

Vor diesem Hintergrund untersuchen Kail et al. (2021) Anpassungen der Wassertemperatur bei 

einer graduellen Veränderung der Baumkronenbedeckung entlang kleiner Tieflandbäche sowie 

die Längen der Gewässerabschnitte, die für diese Anpassungen erforderlich sind. Es zeigt sich, 
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dass bei einer noch bewirtschaftungsrelevanten Länge (400 m), und einer realistischen Breite 

(Pufferbreite von 10 m) maximale Wassertemperaturen um 4,6 °C gesenkt werden können, was 

erheblich ist. 

In Le Gall et al. (2022), Palt et al. (2022) und Palt et al. (submitted) werden die Auswirkungen 

der gehölzbestandenen Ufervegetation auf das Makrozoobenthos, einem biologischen 

Qualitätselement der Gewässerbewirtschaftung, quantifiziert. Der Einfluss der Landnutzung im 

Einzugsgebiet überprägt dabei bei weitem den der Gewässerränder, wenn Probestellen in einem 

überregionalen Datensatz mit unterschiedlicher Einzugsgebietseigenschaften analysiert 

werden. Es ergeben sich aber dennoch kontextspezifische starke Effekte der Ufergehölze auf 

den ökologischen Zustand des Makrozoobenthos, wenn zwischen typischen 

Landnutzungsformen auf übergeordneten Skalen differenziert wird. Dies deutet darauf hin, dass 

die Bewirtschaftung oder auch die Renaturierung der gehölzbestandenen Ufervegetation in 

einem geeigneten Kontext tatsächlich eine sehr wirksame Option sein kann ökologische 

Bewirtschaftungsziele zu erreichen. 

Es deutet viel darauf hin, dass erst breitere gehölzbestandene Gewässerränder 

(typischerweise > 30 m) in der Lage sind, eine hohe Funktionalität zu gewährleisten. Aufgrund 

verschiedener Interessen und Konkurrenz um Flächen, monetarisieren Vermaat et al. (2021) 

daher Ökosystemleistungen für verschiedene Landnutzungsszenarien in vier 

Fallstudieneinzugsgebieten. Sie stellen fest, dass der Grad der Gehölzbedeckung im erweiterten 

Gewässerkorridor nur einen geringen Einfluss auf den gesamtgesellschaftlichen Nutzen hat. Da 

jedoch die Verteilung der Ökosystemdienstleistungen je nach Szenario variiert, scheint eine 

anderweite Umverteilung des Nutzens erforderlich. 

Zusammenfassend lässt sich sagen, dass das Verständnis für Funktionalität und Bedeutung von 

Ufergehölzen durch die in dieser Arbeit aufgeführten Studien erfolgreich vertieft wird. Dadurch 

werden mögliche Ergebnisse von Bewirtschaftungsmaßnahmen besser vorhersehbar, 

insbesondere in Bezug auf den ökologischen Zustand des Makrozoobenthos. Somit wird der 

Nachweis erbracht, dass erforderliche ehrgeizig Renaturierungsmaßnahmen einen großen 

Nutzen haben ohne negative sozioökonomische Gesamtauswirkungen zu haben. 
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 1  General Introduction 

 

Globally aquatic freshwater biodiversity is in decline (Ceballos et al., 2017) and 

disproportionately more rapidly compared to other ecosystems (Grooten & Almond, 2018; He 

at al., 2019; Tickner et al., 2020). This is despite concerted efforts to protect and restore aquatic 

ecosystems in many parts of the world in recent decades (e.g. the European Water Framework 

Directive or U.S. Clean Water Act). These efforts seek to sustain biodiversity and enhance it 

where it was lost previously and do so first and foremost by maintaining and restoring habitats 

to more natural conditions. 

In temperate regions, these natural conditions typically entail the presence of woody riparian 

vegetation bordering most stream types (Ellenberg, 1988). The riparian area at the transition 

from terrestrial to the aquatic environment has the potential to cocoon the latter from adverse 

effects in cultural landscapes as well as to facilitate natural instream processes. This is 

demonstrated by the multiple well documented, functional links between woody vegetation and 

aquatic habitat conditions (Section 1.1). 

Natural, i.e. woody, riparian vegetation therefore is rendered potentially highly effective for 

achieving desired benefits for aquatic organisms targeted by river management and associated 

legislation. Disproportionately strong effects from standalone woody vegetation in the riparian 

corridor are expected to compensate losses of larger-scale natural woodland cover previously 

converted to other landuse forms. 

 

Even though many of these functional linkages have been thoroughly addressed and researched, 

there remain main open questions. This is especially true for assessing ecological effects of 

woody riparian vegetation on the community level, which is crucial if the latter’s ecological 

status targeted by restoration activity (as for the European Water Framework Directive). 

Besides its effect on the well-being of the aquatic environment, riparian vegetation also has 

multiple implications for human endeavours. For instance, woody riparian vegetation can be 

either critical (e.g. potential damage to bridges) or beneficial (e.g. retention areas) in terms of 

flood protection. Naturally vegetated riparian areas are not available for agricultural production. 

Given their prominence as landscape features, rivers and associated vegetation are of 

recreational and cultural importance (Gregory et al., 1991) and promote also human health. 

However, in the context of riparian management practices, these considerations just start 

receiving more attention.  
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 1.1  Functions provided by woody riparian vegetation 

 

In this section the functions woody riparian vegetation provide to the benefit of aquatic 

ecosystems focus on effects from relatively narrow landscape features within the riparian 

corridor. Woody vegetation there is commonly dubbed woody buffer. Understanding their part 

in the context of aquatic ecosystem functioning is a prerequisite for planning and executing 

restoration measures as well as protection activities at this relevant scale. 

Functions and effects achieved by woody riparian vegetation differ from those of larger-sale 

woodland cover in some regards. For example this is true for the effect on water temperature 

through regulating micro-climates (Section 1.1.4). This poses some restrictions addressing 

available literature. For instance, inputs of organic material from woody vegetation in general 

constitute textbook knowledge at this point. Nevertheless, the inputs from standalone woody 

riparian vegetation, albeit linked in both function and effects, are by far less well documented 

(Section 1.1.5). In the following, some key functions of woody riparian vegetation for aquatic 

ecosystems are introduced. 

 

 

 1.1.1  Sediment retention 

 

The effect from woody riparian vegetation (WRV) on sediment retention has been thoroughly 

studied and already reviewed numerous times. Fine sediments (< 2 mm; sand, silt, clay) 

originate to a minor degree naturally from fluvial erosion (Belmont et al., 2011) whereas 

problematic heightened inputs of sediments originate from tilled agricultural areas (Russell et 

al., 2001; Walling et al., 2008; Foucher et al., 2015; Lamba et al., 2015) but also can stem from 

special landuse forms or practices such as clear-cut forests (Wenger, 1999) or roadworks 

(Cocchiglia et al., 2012). 

 

Fine sediments are loaded with nutrients (Section 1.1.2) or potentially hazardous substances 

(Section 1.1.3) and facilitate their transport to the aquatic environment (Collins et al., 2012; 

Foucher et al., 2015). Additionally, inputs of fine sediments increase turbidity, reducing light 

availability, and therefore instream primary production, impacting in turn also higher trophic 

levels (Kemp et al., 2011). They further cause siltation of the stream bed, i.e. they clog the 

interstitial space of natural stream beds by taking up the gaps between sediments larger in size 

(Brunke, 1999). This results in physical blockage and crucially prohibits exchange of oxygen 

between the free flowing and interstitial water deteriorating habitat conditions for 
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macroinvertebrates (Wagenhoff et al., 2012; Burdon et al., 2013; Lange et al., 2014; Elbrecht 

et al., 2016) prominently for larvae and eggs of lithophilic species fishes (Berkman & Rabeni, 

1987). Since, inputs of fine sediments especially from agricultural areas are associated with 

nutrient inputs, this further can result in depletion or even a lack of oxygen (Section 1.1.2). Yet 

on their own already increased fine sediment inputs unloaded with nutrients have stronger 

negative effects on sensitive taxa in particular compared to common levels of nutrient inputs 

(Wagenhoff et al., 2012; Lange et al., 2014; Elbrecht et al., 2016). In several studies, an abrupt 

decrease in the proportion of sensitive EPT taxa (Ephemeroptera, Plecoptera, Trichoptera) was 

observed when more than 10-20% of the bed was covered with fine sediment (Burdon et al., 

2013). 

 

Retention of fine sediments occurs when surface runoff from adjacent areas laterally passes 

through a riparian area. The roughness of the riparian vegetation determines the corresponding 

reduction in surface flow and velocity, reducing in turn its capacity to transport fine sediments 

(Muscutt et al., 1993; Yuan et al., 2009). These are then deposited in the riparian area (Dosskey 

et al., 2010). Initial deposition rates are very high in the first few meters (ca. 5 m) for sand and 

silt (Muscutt et al. 1993, Polyakov et al., 2005) however, clay particles are only retained after a 

sufficiently long distance (Dorioz et al., 2006; Venohr & Fischer, 2017). Therefore, effective 

retention of fine sediments requires a suitably wide enough riparian area, or so-called riparian 

buffer, depending on such factors as slope (Liu et al., 2008; Yuan et al., 2009; Zhang et al., 

2010) or soil texture (Dosskey, 2001; Parkyn, 2004). Under most realistic conditions a width 

of > 20 m is required in order to retain ca. 80% of the sediment load in surface runoff (Sweeney 

& Newbold, 2014). 

Riparian vegetation only consisting of woody vegetation alone, i.e. trees and no dense ground 

cover due to shading, is unlikely especially given lateral light penetration in often narrow 

riparian buffer strips. Additionally there is no (Yuan et al., 2009; Lind et al., 2019) to little 

(Ramesh et al., 2021) evidence that the type of riparian vegetation affects retention, despite the 

often expected lower retention rates due to lower assumed surface roughness under a canopy 

cover. Yet, trees also affect bank erosion by stabilizing banks through their root network 

(Muscutt et al., 1993; Wenger et al., 1999, Dosskey, 2001; Hickey & Doran, 2004) reducing 

inputs of fine sediments from fluvial erosion. Furthermore, large wood in streams results in 

localized natural sedimentation spots through diversifying flow velocities (Gurnell et al., 1995) 

protecting other substrates from siltation (Rice & Church, 1996) (Section 1.1.5). Therefore, a 

riparian buffer of shrubs and grass alone is no alternative to a diverse and complex so called 

woody buffer as it pertains to sediment retention. 
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Nevertheless, the riparian area is indeed not a uniform buffer cocooning a stream but naturally 

heterogeneous and patchy. Additionally, surface flow is not uniformly flowing though the 

riparian area along the entirety of a stream segment neither but follows preferential pathways. 

Here infiltration and consequently deposition and retention of fine sediments are lessened 

(Barling & Moore, 1994; Dosskey, 2001; Venohr & Fischer, 2017). Artificial drainage of the 

adjacent floodplain is an additional human-made preferential pathway and in fact can account 

for equal amounts of fine sediment inputs in to the aquatic environment as surface flow (Russell 

et al., 2001; Chapman et al., 2005; Deasy et al., 2009). 

 

 

 1.1.2  Nutrient retention 

 

Similarly to sediment retention, the effect from woody riparian vegetation on nutrient retention 

has been extensively studied and has likewise been reviewed numerous times with even varying 

focus on certain key processes. The main nutrients of concern are nitrogen and phosphorous. 

Nitrogen occurs mostly as nitrate and also nitrite, even though other compounds exist, albeit 

generally in lower quantity. However, if larger concentrations of ammonium or ammonia, a fish 

toxin, occur, they most likely stem from point sources such as untreated waste water. 

Phosphorus occurs either as dissolved orthophosphate, which is directly available to plants, or 

as particle-bound phosphorus, which is bound to fine sediments, especially clay. Naturally, 

phosphorus concentrations in streams are low and traditionally had been considered the most 

limiting factor for instream productivity in the aquatic ecosystem, though this has been revised 

more recently (Elser et al., 2007). 

 

Heightened inputs of nutrients to the aquatic environment above natural levels due to 

anthropocentric causes, termed eutrophication, lead to an increase in primary production by 

macrophytes, phytobenthos and phytoplankton. This increases competition for light among the 

aquatic flora resulting in a shift in community composition towards competitive species with 

high nutrient requirements that either grow fast and tall to obtain sufficient light or have low 

light requirements (Baatrup-Pederson et al., 2015; 2016). In slow flowing streams, as nutrient 

concentrations continue to increase, epiphytic algae colonize macrophytes, shading the latter 

and hindering photosynthesis. Fully submerged macrophytes are therefore replaced by 

emergent ones (Hilton et al., 2006; O`Hare et al., 2018). In very slow-flowing or stagnant 

waters, analogous to lakes, even mass abundance of phytoplankton can occur at very high 
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nutrient concentrations, resulting in high turbidity, which suppresses macrophytes altogether 

(O`Hare et al., 2018). 

With shifts in productivity as well as species composition of primary producers the habitat 

conditions for other organism groups such as fish or macroinvertebrates change accordingly 

albeit effects are not straightforward. For instance, a moderate increase in nutrient 

concentrations leads to a higher abundance of macroinvertebrates, including sensitive taxa such 

as Ephemeroptera, Plecoptera or Trichoptera due to higher overall productivity (Matthaei et al., 

2010; Piggott et al., 2012, 2015). While these abundances do not correspond to natural water 

body type-specific conditions, at even higher nutrient concentrations, the species composition 

shifts again in favour of species that feed on the then-increased algae and detritus of dead plants. 

As a consequence, sensitive taxa as well as biodiversity decline (Hering et al., 2006; Johnson 

& Hering, 2009; Lange et al., 2014). This is due to inter-specific competition and secondary 

saprobic load (Gieswein et al., 2017; Sundermann, 2013) where oxygen production during the 

day and consumption at night cause large fluctuations in oxygen availability (Kaenel et al., 

2000; Desmet et al., 2011) or even oxygen depletion (Sabater et al., 2000; Nijboer & 

Verdonschot, 2004). 

Even in regions where nutrient inputs to streams and rivers from point sources such as 

wastewater discharges have been greatly reduced over recent decades, current loads are still 

high (Mekonnen et al., 2018). In central Europe, nitrogen in particular originates predominantly 

from agricultural areas, albeit municipal wastewater treatment plants, power plants, transport 

and industrial operations continue to play a role (UBA, 2020). Hence, there remain relevant 

sources of nutrients that cannot be retained by woody riparian vegetation. 

 

Dissolved nutrients from agricultural areas enter water bodies via surface runoff, subsurface as 

well as groundwater flow. Particle-bound nutrient transport (crucial for phosphorous) mostly 

occurs in surface runoff. While woody riparian vegetation can affect transport in surface and 

subsurface flow it does not reliably retain nutrients form in groundwater flow, which at best 

partially passes its root network. Retention of nutrient inputs in surface runoff is strongly 

connected to sediment retention (Section 1.1.1). Velocities of surface runoff are reduced when 

traversing vegetation in the riparian buffer, particularly ground cover or litter, which increases 

residence time during which nutrients can be taken up after percolation or sedimentation 

(Dorioz et al., 2006; Collins et al., 2009, Stutter et al., 2019). Deposited sediments eventually 

become overgrown by vegetation as part of the rooted topsoil where nutrients are extracted 

(Dosskey et al., 2010). Nutrients in subsurface flow are directly available to be taken up by the 

roots of the riparian vegetation (Collins et al., 2009; Dosskey et al., 2010). Nutrient uptake is 
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particularly high in young vegetation stands and decreases with age (Parkyn, 2004; Roberts et 

al., 2012). In anaerobic conditions, nitrate is additionally converted to ammonium by 

microorganisms, and then further metabolized, escaping to the atmosphere as nitrogen gas 

(denitrification) (Collins et al., 2009).  

Compared to dissolved nutrients, those bound by particles are generally retained more quickly, 

i.e. over shorter distances of passage through riparian buffers (Dodd & Sharpley, 2016; Venohr 

& Fischer, 2017; Vidon et al., 2019). Most coarse soil particles (e.g. sand and silt) are deposited 

directly at the transition from agricultural areas to the vegetated riparian buffer (Muscutt et al., 

1993) or within the first few meters (ca. 5 m) (Polyakov et al., 2005; Dorioz et al., 2006). 

However smaller soil particles (clay), which transport readily plant-available phosphorus (Dodd 

& Sharpley, 2016), are deposited only in wider riparian buffer zones (> 15 m) (Dosskey, 2001; 

Dorioz et al., 2006). Retention of dissolved nutrients is determined by infiltration rates of 

surface runoff and further by residence time (thus by slope and soil texture), i.e. the duration of 

time nutrients are available for uptake and denitrification (Mayer et al., 2007; Venohr & Fischer, 

2017). Similar to particle-bound transport, that of dissolved nutrients also follows a pattern of 

strong but highly variable retention within the first few meters of traversing vegetated riparian 

buffers and reliably high retention rates only possible in much wider riparian buffers 

(ca. > 30 m). 

Given the straightforward effect of grass on roughness, it is often assumed the grassy riparian 

vegetation retains nutrients more efficiently than woody riparian vegetation. However, 

differences appear to be insignificant (Mayer et al., 2007; Dosskey et al., 2010; Gericke et al., 

2020; Valkama, 2018). This is because roughness due to fallen leaves and twigs as well as 

typical herbaceous understory (Muscutt et al, 1993) under woody vegetation is similar (Uusi-

Kämppa et al, 2000; Dosskey, 2001, 2010; Dorioz et al, 2006) or sometimes even higher 

compared to grassy vegetation (Dosskey et al, 2010). Additionally, the amount of nutrients 

taken up by woody vegetation from subsurface flow is greater than for grassy/herbaceous 

vegetation (Hoffmann et al., 2009) and persist for longer periods of time (Dosskey et al., 2010). 

Hence, in some cases greater retention has been observed for buffers of woody vegetation 

(Fennessy & Cronk, 1997; Venohr & Fischer, 2017) and in a quantitative review Gericke et al. 

(2020) concluded that vegetation form is the least relevant characteristic of riparian buffer 

pertaining to nutrient retention. Therefore, there seems to be no evidence that non-woody 

riparian vegetation should be a preferred alternative regarding nutrient retention from a 

management perspective. 

Preferential pathways reduce retention efficacy of nutrients similarly to sediment retention 

(Section 1.1.1) as they follow the same mechanics. Additionally, both dissolved as well as 
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particle-bound nutrients enter water bodies to a significant degree via artificial drainage of 

arable land (Barling & Moore, 1994; Dosskey, 2001; Hoffmann et al., 2009; Dodd & Sharpley, 

2016) which is not affected by woody riparian vegetation. 

The majority of reviews conclude that, depending on local conditions (such as slope, drainage 

area, riparian vegetation age, and soil) a width of 15 to 30 m is necessary for effective nutrient 

retention (about > 80%) (e.g. Sweeney & Newbold, 2014; Gericke et al., 2020). Only in very 

favourable conditions some much narrower riparian (ca. 5 m wide) can achieve equal rates of 

retention. 

 

 

 1.1.3  Pesticide retention 

 

Pesticides for plant protection are intended to promote growth of crops by suppressing or killing 

other undesirable plants as well as fungi and animals (especially insect species) that hinder crop 

growth or health. Pesticide retention by riparian vegetation has also been reviewed repeatedly 

although to a much lesser degree compared to sediment or nutrient retention to which it is linked 

functionally. This is also because much literature on pesticide retention focuses predominantly 

on any vegetation lining croplands and not explicitly on buffers along water bodies. 

 

Besides impacting terrestrial flora and fauna (Feber et al., 1996; Pleasants & Oberhauser, 2012), 

many aquatic insects, primarily larvae, i.e. aquatic life stages, of semi-aquatic species, are 

susceptible especially to neonicotinoids (Anderson et al., 2015). This includes certain 

Culicidae, Chironomidae, Ephemeroptera, or Trichoptera, while some Plecoptera and Tipulidae 

are less sensitive (Roessink et al., 2013; Anderson et al., 2015; Morrissey et al., 2015; Williams 

& Sweetman, 2019). Multiple sub-lethal effects have been recorded such as behavioural change 

and inactivity (Anderson et al. 2015), reduced emergence in Chironomidae (Williams & 

Sweetman, 2019) and reduced abundance of shredding macroinvertebrates foraging on leafs 

contaminated with neonicotinoids (Cavallaro et al., 2019). Another pesticide, permethrin, is 

also known to cause behavioural changes resulting in increased drift of macroinvertebrates 

evading impaired conditions (Wurzel, 2020). Synergistic effects of different pesticides are not 

yet well understood but mixtures of e.g. neonicotinoids and fungicides had significantly 

stronger effects on non-target organisms than the application of the individual substances alone 

(Wernecke et al., 2019). Though the overall impact of pesticides generally remains elusive, 

inputs of nutrients to small lowland streams recently proofed to impair macroinvertebrates more 

than lack of habitat quality or nutrient inputs (Liess et al., 2021). 
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Documented effects on fish are rather rare (Nowell et al., 2018) and are not well studied neither 

with regards to event-based (i.e. ensuing heavy rainfall) nor chronic exposure (Schäfer et al., 

2011). However, it has been shown that pesticides accumulate in fish, affecting animal fitness 

(Belenguer et al., 2014) or behaviour as observed in salmonids, resulting in reduced food intake 

and growth (Baldwin et al., 2009).  

 

Inputs of pesticides to aquatic ecosystems susceptible to retention by riparian vegetation follow 

similar input pathways to nutrients, i.e. they enter water bodies via surface runoff, subsurface 

flow and groundwater (Section 1.1.2). Additionally, they can be dispersed by wind during 

application (drift), which, despite the relatively small contribution to overall amount of inputs, 

can cause short term concentration spikes in water bodies (Reichenberger et al., 2007). 

Surface runoff passing through a vegetated riparian buffer starts reducing its flow depth and 

velocity due to the increase in ground roughness causing sedimentation of its sediment load, 

hence particle bound pesticides, as well as infiltration of water, hence dissolved pesticides 

(Krutz et al., 2005; Lacas et al., 2005). Subsurface flow has a much lower flow velocity and 

thus higher residence time. Dissolved pesticides can directly degrade or be bound to soil 

particles. Along with already bound pesticides they in turn are degraded, primarily in the topsoil 

rich in organic matter and therefore high microbial and enzymatic activity (Krutz et al., 2005; 

Lacas et al., 2005). The stronger pesticides are bound to soil particles the more they are retained 

with rates being as high as 76% in optimal conditions (Arora et al., 2010). The riparian 

vegetation may also take up pesticides to a substantial degree further enhancing retention rates 

in the riparian zone (Dosskey et al., 2010).  

The width of vegetation filter strips serves as a proxy for retention time during which pesticides 

from surface and subsurface flow can be retained and degraded (Krutz et al., 2005; Collins et 

al., 2009). Most reviews conclude that a width of 5-10 m is sufficient for effective retention 

(about 80%) (Wenger , 1999; Krutz et al., 2005; Reichenberger et al., 2007 ; Zhang et al., 2010; 

Venohr & Fischer, 2017).  

Similarly to non-riparian vegetation strips, pesticides in drift are either retained due to the 

reduction of wind speed already over the arable land, i.e. reducing amounts of drift to begin 

with, or due to deposition of droplets on the vegetation surface. Retention rates from drift can 

be as high as 90% (Dosskey, 2001; Reichenberger et al., 2007). High foliage density of the 

woody vegetation effectively reduces the necessary width of riparian vegetation for retention 

even at higher wind speeds. 

However, diffuse surface runoff and drift do only account for some inputs of pesticides and the 

remaining sources cannot be mediated by riparian buffer zones. Urban sources account for 
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substantial proportions (Tauchnitz et al., 2020) stemming from private and public gardens, as 

well as from green spaces along infrastructure (Gerecke et al., 2002). Along with wastewater 

treatment plants effluents (Gerecke et al., 2002 ; Müller et al. 2002; Münze et al, 2017) these 

sources may account for 40-90% of total inputs (Reichenberger et al., 2007). Additionally, if 

good agricultural practices are not maintained, otherwise avoidable amounts of pesticides are 

emitted from farmyards that are higher than those from application to arable land (Neumann et 

al., 2002). 

 

 

 1.1.4  Regulation of solar radiation 

 

While some research has been done on the influence of riparian vegetation on water 

temperature, it has less frequently been the focus of reviews compared to its retaining functions 

(Sections 1.1.1 to 1.1.3) (but see Castelle et al., 1994; Wenger, 1999; Broadmeadow & Nisbet, 

2004; Sweeny & Newbold, 2014; Lind et al., 2019). Water temperature is the result of complex 

energy budgeting, with main drivers being inputs of direct solar radiation as well as sensible 

heat transfer from the air (Caissie, 2006; Webb et al, 2008; Kelleher et al., 2012). Shading from 

riparian vegetation, i.e. trees, can substantially regulate these energy fluxes and thus helps 

preventing strong increases in water temperatures. Therefore, mainly changes to mean or 

maximum daily temperatures as well as daily temperature amplitudes are addressed in 

literature. Correspondingly shading also reduces availability of photosynthetic active radiation, 

which has been only been addressed in relatively fewer studies (but see Feld & Hering, 2017). 

 

Solar radiation affects aquatic communities via two main functional links. First, it drives 

photosynthetic activity and hence primary production. Second, through driving water 

temperature it affects metabolic rates across trophic levels, while also affecting physical 

properties of the ambient water, crucially solubility of oxygen. 

A lack of shading in streams naturally bordered by woody riparian vegetation favours aquatic 

autotroph organisms, which increase in abundance and biomass along with shifts in species 

composition. This alters the trophic web, which in small streams is naturally based on 

allochthonous instead of autochthonous plant matter (Vannote et al., 1980). Furthermore, 

aquatic plants, principally macrophytes, shape physical habitat conditions for fish and 

macroinvertebrates as they occur unnaturally due to a lack of shading (Grenouillet et al., 2000; 

Lusardi et al., 2018), causing corresponding community shifts. 
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Different studies indicate that primary production in unshaded stream stretches, often 

approximated by chlorophyll-a concentrations, can reliably be as much as double that of shaded 

ones (Noel et al.,1986; Kiffney et al., 2003; Ghermandi et al.; 2009; Hutchins et al., 2010; 

Kaylor & Warren, 2018 ; Nebgen et al., 2019). It is concluded that riparian vegetation controls 

primary production more through shading than nutrient retention in agricultural landscapes 

(Hutchins et al., 2010). However, Thompson & Parkinson (2011) found that lacking riparian 

vegetation and consequently high amounts of fine sediment inputs also control algal growth 

pointing out possible trade-offs between the different functions of riparian vegetation. 

 

The effect of shading on stream water temperature can be as much as several degrees Celsius 

(e.g. Johnson, 2004; Rutherford et al., 2004) and therefore it is the key determinant available to 

management in order to prevent excessive temperature regimes. Initially, biomass of fish and 

invertebrate is still favoured by slightly higher water temperatures (e.g. by speeding up egg and 

larval development, increased foraging opportunities on algae or macrophytes), though 

sensitive taxa may already be negatively affected (Haidekker & Hering, 2008). Also, already 

moderate water temperature increases in conjunction with other stressors such as an increase in 

fine sediments can result in synergistic stressors interaction (Piggott et al., 2012; 2015). 

Additionally, increases in daily fluctuations of water temperate have been found to be 

detrimental (Cox & Rutherford, 2000). 

Small streams, where shading has its strongest effect on water temperature (Loicq et al., 2018), 

are prone to significant increases in water temperature as a consequence of the lack of riparian 

vegetation. This is especially true for mountain streams which are naturally cooler. Here 

optimum temperature ranges for fish, prominently salmonids (upper limit of 20°C; Elliott, et 

al. 1995) and sensitive macroinvertebrates (e.g. Stewart et al., 2013) can quickly be exceeded. 

For instance lethal water temperatures for more sensitive macroinvertebrates may be as low as 

21°C (Dekowzlowski & Bunting, 1981; Quinn et al., 1994; Cox & Rutherford, 2000; Stewart 

et al., 2013). 

The width of woody riparian vegetation affects its capacity to shade the streams water surface 

and most reviews concluded that generally 10-30 m wide buffers are effective at preventing 

substantial increases in water temperature also compared to a baseline in forested conditions 

(Wenger, 1999; Sweeney & Newbold, 2014; Lind et al., 2019). Even wider woody vegetation 

allow for potential benefits of woodland micro-climates controlling ambient air temperature 

and therefore latent and sensible heat fluxes (Barton et al., 1985; Moore et al., 2005). 

The effect of shading by riparian vegetation on water temperature additionally depends on the 

presence of trees and a number of characteristics (.e.g. shape of tree crown, understory, and 
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orientation in the landscape) besides its width (Sweeney & Newbold, 2014; Rutherford et al., 

2018; Savoy et al., 2021). For instance, length of shaded versus unshaded stretches is key 

(Barton et al., 1985) as residence time in constant conditions controls settling on equilibrium 

temperatures as a response to changes in energy budgeting (Rutherford et al, 2004). In fast 

flowing mountain streams it may take shading from woody riparian vegetation multiple 

kilometres to reach its maximum effect (Barton et al., 1985). 

Also, ambient and general water temperature levels dictate the potential response to heated 

stream waters (excess temperature) to shading (Moore et al., 2005; Coats & Jackson, 2020). 

Impounded or stagnant stream stretches, with very long residence times, can dramatically alter 

temperatures regimes going downstream countervailing any potential effects from woody 

riparian vegetation (Claeson & Coffin, 2016; Maheu et al., 2016). This makes larger-scale 

assessments on this function provided by the riparian vegetation very difficult (but see Beaufort 

et al., 2016; Loicq et al., 2018). 

 

 

 1.1.5  Inputs of terrestrial plant matter 

 

The importance of inputs of leafs, twigs, i.e. coarse particulate organic matter (CPOM), and 

large dead wood from woody vegetation are considered textbook knowledge with regards to 

their effects in streams and rivers, structuring the physical environment as well as community 

composition of aquatic organisms. However inputs are mostly studied in the context of larger-

scale woodland cover.  

 

CPOM consist of all organic material with a diameter > 1 mm, i.e., grass, pieces of herbaceous 

vegetation, small woody material such as bark fragments and twigs, well as needles for conifers 

but most importantly it consist of fallen leaves from herbaceous vegetation (Kail & Gerhard, 

2003). Especially fallen leaves are an integral allochthonous source of food and therefore 

energy for the aquatic ecosystem, especially in naturally shaded (Section 1.1.4) upper reaches 

(Vannote et al., 1980; Menninger & Palmer, 2007). Consequently, these reaches are mainly 

populated by shredding and gathering macroinvertebrates. If woody riparian vegetation and 

therefore inputs of CPOM are lacking these are replaced by grazing macroinvertebrates that 

feed on the thus higher biomass of primary producers, mainly algae (Section 1.1.4.), while 

predating macroinvertebrates dwindle, too (Wallace et al., 1997). This shift in community 

composition can be accompanied by in declines in macroinvertebrate abundance and biomass 

on the order of -90% and -80%, respectively (Wallace et al., 1999) illustrating the importance 
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of CPOM inputs. Additionally, diversity of fallen leaves is crucial since adapted fungal 

communities (Lecerf et al., 2005) allow for more rapid digestion by macroinvertebrates (Leroy 

& Marks, 2006). Fish benefit from CPOM inputs mainly via its effects on macroinvertebrates 

in small upper reaches (Hicks, 1997). 

CPOM is deposited to streams either directly falling into the water, potentially assisted by wind, 

or indirectly after lateral transport by wind and runoff through the riparian area. While grassy 

or herbaceous vegetation may become a substitute for leaves as an allochthonous source of 

coarse particulate organic matter (CPOM) in waterbodies lacking woody riparian cover 

(Menninger & Palmer, 2007) CPOM to forested stream reaches are 2-6 times greater in 

magnitude (Delong & Brusven, 1994; Gray, 1997; Stenroth et al., 2014) underlining the 

importance of trees. 

In small streams only 10% of leaf inputs are deposited directly, whereas this proportion can be 

as high as 80% in larger streams enveloped by a closed canopy cover (Cillero et al., 1999; 

Weigelhofer & Waringer, 1994). Besides stream size (Conners & Naiman, 1984), factors 

affecting lateral transport rates such as slope (Weigelhofer & Waringer, 1994) determine natural 

levels of amounts of instream leaf litter. Also, the lateral extent of woody riparian vegetation is 

a key determinant for leaf inputs as the first lines of trees along the stream edge may account 

for just 22% of natural amounts of leaf deposits (Oelbermann & Gordon, 2000). Even much 

more extensive buffers more than 50 m in width fall short of leaf amounts naturally observed 

in woodland streams (Oelbermann & Gordon, 2000; Thomas et al., 2016). 

 

Dead wood creates complex micro-habitats by diversifying flow conditions, both creating still 

water zones as well as increasing flow velocities around its edges.(Gurnell et al., 1995). In turn 

this diversifies substrate composition on a very small scale (Rice & Church, 1996; Buffington 

& Montgomery, 1999). Large wood even dictates river morphology by initiating pools (Kail, 

2003), gravel bars (Abbe & Montgomery, 2003) or even side arms (Piégay & Gurnell, 1997). 

Due to this higher habitat diversity in reaches with dead wood, fish of different age groups 

(Rabeni & Jacobsen, 1993) increase in abundance and biomass (Zika & Peter, 2002; Becker et 

al., 2003). Macroinvertebrate biomass and abundance is also higher on dead wood than on other 

substrate (Benke & Wallace, 2003) which is true for different life stages (Anderson et al., 1984) 

and a large number of specialist species (Hoffmann & Hering; 2000). Dead wood also offers 

protection from predators (Crook & Robertson, 1999; Dolloff & Warren, 2003; Zalewski et al, 

2003). 

Large wood is continuously supplied by woody riparian vegetation that dies off either as an 

entire tree, or in parts of branches and large twigs (Benda et al., 2003). Senescence in old stands 
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contributes more material compared to young stands (Stout et al., 2018). There is general 

consensus that only trees growing in the streams’ vicinity are prone to be deposited to the 

aquatic environment, with 30 m an often suggested maximum distance, as this represents a 

typical maximum height for riparian trees (e.g. Wenger, 1999; Gregory et al., 2003). 

Yet Sobota et al. (2006) showed that in narrow valleys with associated steeper lateral slopes the 

amounts of dead wood could even double. Additionally, stochastically occurring events such as 

landslides, wind-throw, fires, or insect calamities (Benda et al., 2003) locally result in very large 

amounts of dead wood (Keller & Swanson, 1979; May, 2002; Reeves et al., 2003). All this 

suggests that in woody riparian vegetation strips maintained or established by river restoration, 

the often relatively young age of stands and lack of disturbances inputs of dead are below 

natural levels there is a potential need for purposeful introduction.  

 

 

 1.1.6  Terrestrial habitat and dispersal 

 

Woody riparian vegetation as habitat for terrestrial species has only rarely been addressed in 

reviews (5) despite a larger number of primary studies. This already suggests that despite the 

implied relevance for many (semi-) terrestrial fauna and flora, generalizations are challenging 

due to the individual species’ prerequisites. Thus, evidence here is presented much more 

anecdotally and less systematic than for e.g. the retaining functions (Sections 1.1.1 to 1.1.3). 

This is equally true for the function of woody riparian vegetation to serve as dispersal or 

migration corridors, given their linear nature. While migration corridors in general have been 

focus of much research there has been little focus on riparian vegetation as a specific case for 

this (reviewed in Beier & Noss, 1998; Gilbert-Norton et al., 2010). 

 

Woody riparian vegetation provides more diversity than grassy riparian vegetation (Lovell et 

al., 2006) and constitutes a natural plant community structuring trophic interactions between 

aquatic and terrestrial species all while providing habitat for terrestrial riparian fauna (Madden 

et al., 2015). 

Trophic webs in riparian zones cannot be distinguished as either aquatic or terrestrial (reviewed 

in Baxter et al., 2005). On one hand, terrestrial invertebrates are consumed by fish if they 

become available and can amount to as much as half of the total uptake (Baxter et al., 2005). 

On the other hand birds, bats, terrestrial arachnids among others (Hering & Plachter, 1997; 

Paetzold et al., 2005), prey upon flying life stages of aquatic insects during events of emergence, 

when other food sources are scarce (Xiang et al., 2017). Bats foraging on emerging aquatic 
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macroinvertebrates concentrate along streams with dense woody riparian vegetation (Scott et 

al., 2010).Additionally, predatory insects, e.g. ground beetles, concentrate at the shoreline since 

terrestrial life stages of aquatic insects, e.g. Ephemeroptera, Plecoptera, Trichoptera and 

Odonata generally stay in close proximity to the watercourse unless the riparian vegetation is 

lacking trees (Petersen et al., 2004; Ehlert, 2009). Yet, even grassy riparian vegetation may 

already favour terrestrial insects (McCracken et al., 2012). As a response to terrestrial organisms 

feeding on aquatic macroinvertebrates, Nakano et al. (1999) documented increased feeding 

pressure of fish on aquatic macroinvertebrates, which in turn benefited algal growth no longer 

controlled by invertebrate grazers. Thus further illustrates the close ties between the apparently 

distinct realms. 

Besides supporting foraging of some terrestrial fauna, woody riparian vegetation also serves as 

habitat for many terrestrial species. For instance, plant diversity is generally higher in the large 

floodplains due to regular disturbances in flooding events (Naiman et al., 1993). Mallik et al. 

(2014) reported that already narrow 30 m wide strips of woody riparian vegetation can 

approximate this greater habitat diversity so that natural plant communities can be found 

(Spackman & Hughes, 1995; Elliott & Vose, 2016). Riparian vegetation in the floodplain also 

supports a relatively greater number of forest birds compared to other forests (e.g. Decamps et 

al., 1987; Bennett et al., 2014). Also naturalness in the bird community composition increases 

with woody cover (Bryce et al., 2002), and there are more species adapted to forest edges found 

in floodplains than in non-riparian woodlands (Pereira et al., 2014). Therefore woody riparian 

vegetation is a hot-spot for avian biodiversity (Hagar, 1999; Shirley & Smith, 2005) and species 

counts and abundances generally increase with its width (Castelle et al., 1994). Furthermore, 

larger mammals, such as roe deer, foxes, and badgers, concentrate in woody riparian areas with 

sufficient understory and width (ca. 20 m) in agricultural landscapes (Hilty & Merenlender, 

2004; Dondina et al, 2016; Pelletier-Guittier et al, 2020). Yet while, the community composition 

of small rodents in such areas is more diverse than in open riparian zones, it does not correspond 

to that of woodlands, as species normally found deep within forest are missing (Darveau et al., 

2001; Cockle & Richardson, 2003). Similarly, amphibians likewise generally dependent on 

larger forest stands. For instance salamanders, using woody vegetation as refuge, increase in 

abundance and species diversity along with the width of the woody buffers (0-55 m; Guzy et 

al., 2019). However there is also evidence that much wider woodland cover is necessary for 

other species such as spring frog (50-100  m distance from stream) or fire salamanders (100-

400 m) (Ficetola et al., 2009).  

These findings show that specific minimum buffer widths are required for certain organism 

groups, below which no effects from woody riparian vegetation are expected. These required 
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minimum widths are generally smallest for terrestrial insect living on riverine substrate (< 5 m 

width; Hering et al., 2021), followed by plants (> 10 m; Lind et al., 2019), terrestrial stages of 

aquatic insects (20 m width; Hering et al., 2021), amphibians and small mammals (> 20 m; Lind 

et al., 2019) and finally birds (> 40 m; Lind et al., 2019). Thus, while an already relatively wide 

buffer of woody riparian vegetation in the realm of 30 m may suffice to account for much of 

the other functions it may also be adequate for demands of many species concerning the 

provisioning of terrestrial habitat. However, truly natural species communities of larger-scale 

floodplain forests, only occur in much wider woody zones or forest stands typically beyond the 

scope of regular management of riverine systems (Lind et al., 2019).  

 

Woody vegetation in the riparian corridor also facilitates dispersal and migration for aquatic as 

well as terrestrial animals. 

Regarding aquatic species this plays mainly a role for emergent adult life stages of 

Ephemeroptera, Plecoptera and Trichoptera, which due to their flying abilities can compensate 

for larval drift, colonize new stream reaches and connect meta-populations (Downes et al., 

2016; Sarremejane et al., 2017). In doing so, individuals navigate along woody structures 

(Winterbourn et al., 2007) but dense stands of conifers, which are naturally seldom found along 

streams, actually impair dispersal (Hering et al., 1993). Plecoptera, in particular, move away 

from stream stretches without woody riparian vegetation in search for woody vegetation, 

whereas they remain close to the streams’ edges if trees were to occur there (Petersen et al., 

2004; Ehlert, 2009). It has been suggested that by reducing polarization on the water surface 

via shading, trees direct polarotactic insects towards the streams’ centres (Farkas et al., 2016).  

For terrestrial animals there has been some indication that birds preferentially fly along riparian 

woody vegetation yet it remains uncertain if they actually follow dispersal corridors or benefit 

from foraging possibilities being higher in the vicinity of streams (Mosley et al., 2006). Some 

research has also been conducted on certain mustelid species. For instance the pine marten 

primarily disperses along woody vegetation bordering streams and is negatively affected by its 

fragmentation (Balestrieri et al., 2015). Similarly, the European otter also migrates along 

continuous corridors of woody riparian cover of preferably older stands (Bedford, 2009; Van 

Looy et al., 2014). In otherwise agricultural landscapes other mammals such as roe deer or 

foxes are also more frequently observed dispersing or migrating along hedgerows or riparian 

strips (Pelletier-Guittier et al, 2020).  

In their meta-analysis Gilbert-Norton et al. (2010) concluded that dispersal of flying insects, 

birds and mammals is roughly 50% higher in the presence of woody riparian vegetation than in 

open riparian areas. 
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 1.2  Ensuing research motivation 

 

As demonstrated (Section 1.1) there is overwhelming evidence detailing the functional linkages 

between woody riparian vegetation and aquatic ecosystems. This is not surprising, with the 

riparian area constituting the ecotone, i.e. transition between the aquatic and terrestrial realm, 

where energy fluxes, matter, and species come into contact. 

Despite the considerable knowledge gathered, there remain open questions, especially from the 

perspective of river management. This is even true for various levels of consideration. For one 

the details behind some functions have not been addressed enough to predict real world 

consequences to maintaining or restoring woody riparian vegetation. This is even more so 

regarding its overarching effect on management goals, i.e. on the level of communities of 

biological quality elements of concern for river managers. Lastly, since there is sufficient 

indication that functioning woody riparian zones exceed the width currently allocated to them 

in cultural landscapes, the question needs to be addressed if such ambitious goals for the well-

being of aquatic ecosystems are even doable from a socioeconomic perspective. 

 

 

 1.2.1  Potential effects of woody riparian vegetation management on water temperatures 

 

As detailed in Section 1.1.4 shading by the canopy cover of woody riparian vegetation is a key 

driver of water temperature and it also regulates primary production. In doing so, shading has 

far reaching effects structuring trophic webs in the aquatic environment. Given practical reasons 

and constraints management of woody riparian vegetation is often the obvious management 

option to mitigate effects from further climate change. 

However, there is little empirical evidence available for river managers to estimate the real 

world effects of changes in woody cover in the riparian area along stream sections. Most studies 

estimate effects from shading by comparing fully shaded to fully open stream stretches, 

however this is not entirely realistic. Also the longitudinal effect is often not considered, i.e. the 

residence time of running waters exposed to constant shading conditions. This is critical as a 

certain amount of time is necessary for water to adjust to changes in canopy cover. 

Therefore, from a management perspective, assessing more gradual changes in woody riparian 

vegetation as well as gradual effects along stream stretches of a relevant length are most 

interesting. These would allow to define expected outcomes of planting but also loosing trees 

within the riparian corridor. 
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 1.2.2  Assessing effects on biological quality elements at larger spatial scales 

 

All functions presented in Section 1.1 have potentially large effects structuring aquatic 

communities. While the knowledge on these individual causal relationships is broad and much 

empirical evidence is available this not true for all effects taking place in concert. It is unclear 

if certain functions provided take precedent shaping habitat conditions and how potential trade-

offs between effects are settled. This is crucial from a management perspective that often 

focuses on maintaining or establishing sufficiently good ecological assessments of biological 

quality elements, i.e. target organism groups such as diatoms, macrophytes, macroinvertebrates 

or fishes (e.g. European Commission; 2000) by providing the necessary habitat conditions. 

Therefore studies are required which can weigh functional linkages in order to inform 

practitioners about potential effects on target groups. With this knowledge, river managers can 

address specific shortcomings in community composition by mitigate impactful stressors with 

corresponding functions provided by woody riparian vegetation. 

In addition, recently effects of woody riparian vegetation on have been studied regarding their 

likely scale-dependence (Feld et al., 2018). This questions the necessary spatial scale, especially 

the longitudinal extent that functions of woody riparian vegetation need to act on in order to 

generate their effect. For instance, the input of dead wood can immediately have a localized 

positive effect diversifying micro-habitat conditions for fish and macroinvertebrates. Changes 

to the canopy cover however only manifest in alterations to water temperatures after at least a 

few hundred meters. On an even larger scale, woody riparian vegetation might need to retain 

nutrients across large parts of entire catchments in order to maintain natural levels of 

productivity. While this may be conceptually sound empirical evidence is still lacking. 

This calls for research that not only disentangles between the various functions provided by 

woody riparian vegetation but also addresses their context and scale dependence. 

 

 

 1.2.3  Socioeconomic effects of multi-functional woody riparian vegetation buffers 

 

Much of the functions presented in Section 1.1 depend on the width, i.e. lateral extent, of 

riparian areas covered with woody vegetation. Despite the different processes, there is 

somewhat of a consensus on a minimum width required to allow for most or even all functions 

to become meaningfully effective. 
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While retention of fine sediments, nutrient or pesticide is unreliable in very narrow buffers, 

those 30 m in width consistently are capable of retaining around 80% of respective inputs. As 

buffers increase in width, added benefits to retention rates become quickly marginal. Inputs of 

dead wood as well providing migration corridors and even habitat for many terrestrial fauna 

may also already be substantial for woody riparian vegetation 30 m in width. Added benefits 

are possible for inputs of CPOM and habitat for amphibians or birds at much larger lateral 

extents exceeding even few hundred meters. Yet this effectively approaches woodland 

conditions no longer constituting a standalone landscape features. This excessive scale is also 

no longer of general concern from a river-management perspective. Since temperature 

regulation and habitat provisioning for most invertebrates already is achieved over the first few 

meters it is encompassed within a 30 m-wide corridor of woody riparian vegetation. In 

conclusion, from an ecological perspective it seems reasonable to suggest that this lateral width 

to managers as an effective option that allows to provide most of the effects to the aquatic 

environment while also serving the adjacent terrestrial areas. 

However, this amount of lateral space is often not available due to agricultural and urban 

landuse encroaching upon the riparian corridor. The fact that legislation and regulations 

typically only set few meters of non-intensive agricultural landuse as minimum protection 

standards further challenges the suggestion of roughly 30 m wide buffers of woody riparian 

vegetation cocooning streams. Given the stark discrepancy between the ecologically desirable 

and widespread real world conditions this questions if such ambitious restoration goals are 

viable from a socioeconomic perspective 
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 2  Published and submitted articles 

 

The following collection of five individual studies addresses these open research motivations 

and questions (Section 1.2) in more detail. 

In the context of this doctoral work, the following articles were published:  

 

Kail, J., Palt, M., Lorenz, A., & Hering, D. (2021). Woody buffer effects on water temperature: 

The role of spatial configuration and daily temperature fluctuations. Hydrological 

Processes, 35(1), e14008. 

Le Gall, M., Palt, M., Kail, J., Hering, D., & Piffady, J. (2022). Woody riparian buffers have 

indirect effects on macroinvertebrate assemblages of French rivers, but land use effects are 

much stronger. Journal of Applied Ecology, 59(2), 526-536. 

Palt, M., Le Gall, M., Piffady, J., Hering, D., & Kail, J. (2022). A metric-based analysis on the 

effects of riparian and catchment landuse on macroinvertebrates. Science of The Total 

Environment, 816, 151590. 

Vermaat, J. E., Palt, M., Piffady, J., Putnins, A., & Kail, J. (2021). The effect of riparian 

woodland cover on ecosystem service delivery by river floodplains: a scenario 

assessment. Ecosphere, 12(8), e03716. 

 

For the readers’ convenience the entailed articles published in their respective journals’ layouts 

have been provided with additional page numbers consistent with their positioning in the text 

of this thesis. 

Additionally, in the context of this doctoral work, the following article has been submitted: 

 

Palt, M., Hering, D., & Kail, J. (2022). Effects of woody riparian vegetation on 

macroinvertebrates are context-specific and large in urban and especially agricultural 

landscapes. Manuscript submitted for publication in Journal of Applied Ecology June 13, 

2022 

 

A declaration of author contribution precedes each article, which are listed after a brief 

summary of them all (Section 2.1). 
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 2.1  Summary of the entailed published and submitted articles 

 

The articles encompassed in this thesis widen in scope of consideration of woody riparian 

vegetation from a single function they provide (Kail et al., 2021), to its effects on the whole 

macroinvertebrate community through multiple functions (Le Gall et al., 2022; Palt et al., 2022; 

Palt et al., submitted) and further to their role in the provisioning of ecosystem services, i.e. 

their socioeconomic benefit next to an ecological one (Vermaat et al., 2021). 

 

In Kail et al. (2021) the effect of shading by the canopy cover of riparian trees on the aquatic 

environment was investigated in seven small lowland streams in western Germany. Shading is 

a crucial given its influence on all trophic levels directly through water temperature regulation 

and consequently on metabolic rates in phytobenthos, macropyhtes and poikilotherm animals; 

which the vast majority of freshwater aquatic animals are. Moreover, as shading limits light 

availability and instream primary production, it suppresses growth of autotroph organisms 

which structure the trophic net as well as habitat conditions for fish and macroinvertebrates. 

Specifically, the effect of canopy cover on daily mean and maximum water temperatures in 

small lowland streams was assessed in this study in order to evaluate the effects of different 

lengths of shaded stream sections. 

Cooling of streams previously exposed to direct solar radiation along continuously shaded 

sections results in a new, cooler equilibrium water temperature after 0.4 km. Streams which exit 

shaded sections and become exposed to direct solar radiation continue to warm for 1.6 km 

before reaching a new equilibrium temperature. Largest effects occurred on cloud-free days 

during May, where the maximum cooling effect was -4.6° and the maximum heating effect was 

+2.7°C. Considering the canopy cover in a 10 m wide buffer improved statistical models over 

using canopy cover in the 30 m wide buffer. 

This implies that managing WRV in a narrow buffer and along relatively short stream sections 

can already offset local increases in water temperatures due to lack of canopy cover upstream 

to a substantial degree, which is crucial with respect to mitigating expected consequences of 

climate change.  

 

In Le Gall et al. (2022) and Palt et al. (2022) woody riparian vegetation was quantified from 

high resolution orthoimages with the intention to investigate its effect on macroinvertebrate 

metrics and ecological status alongside other confounding landuse, water quality and 

hydromorphological variables with known effects on the macroinvertebrate community. 
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Specifically, woody cover was assessed at two different lengths (near upstream vs. far 

upstream). 

All variables were arranged in structural equation models (SEM) in order to address their 

functional interconnectedness and statistical correlations. Besides the integrated ecological 

status of the community selected macroinvertebrate metrics were hypothesized to respond to 

certain specific functions provided by woody riparian vegetation. For instance shares of 

shredding organisms reflect local amounts of leaf inputs, while the share of EPT taxa 

(Ephemeroptera, Plecoptera, Trichoptera) is indicative for the terrestrial habitat provisioning 

for flying life stages. 

The respective studies for study sites in the whole of France (n = 1082; Le Gall et al., 2022) 

and for three federal states in Germany (n = 1017; Palt et al., 2022) found that direct effects 

from riparian landuse were of little importance and generally far outweighed by larger-scale 

stressors, i.e. catchment characteristics. While a strong effect from catchment landuse was 

expected for integrated measures such as ecological status or metrics related to saprobic 

pollution this was not hypothesized for metrics related to functions that were considered to have 

already localized effects (e.g. temperature or leaf inputs) independent from lager scale stressors 

(Feld et al., 2018). 

It had to be concluded that, using these large data sets in both countries, the effects from woody 

riparian vegetation were marginal at best which contradicts the numerous cited literature used 

to derive the partially rejected hypotheses. 

 

In Palt et al. (submitted) this conflict is resolved by addressing the context-dependence of 

functions provided by woody riparian vegetation. For instance, in agricultural landscapes the 

associated pressures (e.g. fertilization, soil erosion) are hypothesized to be mediated by the 

presence of trees in the riparian corridor, which in turn is expected to have a strong effect on 

the multimetric index describing the macroinvertebrate ecological status. Alternatively, 

pressures associated with urbanization (e.g. wastewater effluents), which do not pass through 

riparian zones cannot be mediated by woody vegetation there, which consequently does not 

have a strong effect on the macroinvertebrate community and its ecological status. 

By using an approach of recursive partitioning modeling it was possible to disentangle the 

effects from woody riparian vegetation given catchment characteristics in the same data basis 

used in Palt et al. (2021) (n = 1109). This overall dataset was split into 14 subdatasets of stable 

relationships between the far and near upstream woody cover respectively and the multimetric 

index. This mirrors yet again the effect of larger-scale pressures such as catchment landuse, 

which indeed per-determines ecological conditions as evidenced by differing distributions of 
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the multimetric index between the subdatasets. However, within some subdatasets there was 

also a significant effect of woody riparian cover and this effect differed according to catchment 

or local landuse as well as hydromorphological conditions. 

While rural, forested catchments predictably had generally better multimetric index evaluations 

they did not reveal effects from woody riparian cover that could not be disentangle from general 

larger-scale woodland effects as expected. However, in agricultural landscapes woody riparian 

cover show strong significant effects on the multimetric index and can improve the ecological 

status by up to two classes according to the European Water Framework Directive. 

Unexpectedly, strong effects are also found in urban settings, where woody riparian vegetation 

can improve the ecological status from bad to moderate. This demonstrates that urban landuse 

has the expected overarching detrimental effects, however within a reduced range compared to 

agricultural landscapes, riparian trees still are of importance. 

In conclusion, accurate assessments of the effect of woody riparian vegetation on the aquatic 

community are possible also in studies relying on large datasets. However, catchment 

characteristics need to be considered. Under certain circumstances, managing woody riparian 

vegetation is a powerful tool of nature conservation and restoration. 

 

In Vermaat et al. (2020) ecosystem service provisioning in the floodplains of two French and 

two German case study catchments was assessed. Besides the present-day situation, three 

different degrees of woody cover in the riparian area, as part of the larger floodplain, were 

modeled for the year 2050. These scenarios reflect diverging future shared socioeconomic 

pathways (SSP; O’Neill et al., 2017). In the most extreme case the assumed variation according 

to SSPs resulted in changes to the mean woody riparian cover from present-day 27% to either 

17% or 70% respectively. 

For present-day situation as well as the pessimistic, best-practice, and ambitious future riparian 

management scenarios, 16 ecosystem services were calculated for spatially explicit, 

homogeneous segments of the river network, 500 m to 1,000 m in length, using a cascading 

analytical framework introduced by Mononen et al. (2016). The individual services expressed 

in monetary values were categorized and aggregated as provisioning, regulating, cultural as 

well as total ecosystem services. 

In present-day conditions all services exhibited an optimum curve with regards to woodland 

cover in the floodplain as they were highest between 30% and 45% woodland cover. Regarding 

the SSPs and associated changes to woody riparian cover the total amounts of ecosystem 

services changed remarkably little. However there was an obvious trade-off between decreasing 

provision services and increasing cultural services, while regulating services (stemming from 
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flood prevention) were rather constant. This leads to the conclusion that even the most 

ambitious riparian management with regards to nature conservation does not come at a premium 

monetary cost to overall societal benefit. 
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Abstract

(1) Woody riparian vegetation (WRV) benefits benthic macroinvertebrates. However, in recent large

scale studies, the effects of WRV on macroinvertebrates were small compared to catchment landuse,

raising the question about the relevance of WRV in restoration. Limited effects of WRV might be due

to context specificity: While some functions are provided by WRV irrespective of catchment landuse,

others depend on the landscape setting.

(2)  Recursive  partitioning  modelling  was  used  to  identify  context  dependent  effects  of  WRV on

streams  macroinvertebrates’  ecological  status  in  small  lowland  (n  =  361)  and  mountain  streams

(n = 748). WRV cover was quantified from orthophotos along the near (500 m) and far (5,000 m)

upstream  river  network  and  used  to  predict  the  site’s  ecological  status.  Agricultural,  urban  and

woodland cover at the local and catchment scales along with hydromorphology were considered as

partitioning variables.

(3) In rural agricultural landscapes, the effect of WRV on the ecological status was large, indicating

that establishing WRV can improve the ecological status by as much as two classes.

(4) In streams impacted by catchment urbanization, effects of WRV were largest, but WRV cover and

ecological  status  were  both  low,  indicating  practical  limitations  of  WRV  restoration  in  urban

catchments.

(5) Synthesis and applications: Independent effects of WRV on macroinvertebrates’ ecological status

can be discerned from catchment landuse. While WRV can also improve the ecological status in urban

settings,  it  is  especially  relevant  for  river  management  in  rural  agricultural  catchments,  where

developing WRV potentially are effective measures to reach good ecological status.

Key words: agricultural landuse, urbanisation, macroinvertebrates, river restoration, woody riparian

vegetation
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1. Introduction

Woody riparian vegetation (WRV) benefits aquatic ecosystem health in temperate regions, where most

streams and rivers are naturally bordered by trees (Ellenberg, 1988). This notion is supported by a

large number of studies demonstrating functional links between WRV and ecosystem processes in the

riparian  and  aquatic  environment  (reviewed  e.g.  in  Broadmeadow  &  Nisbet,  2004;  Sweeney  &

Newbold, 2014).

Several of these functions are provided irrespective of landscape settings while others are context-

specific and linked to adjacent landuse in the floodplain. Independently from adjacent landuse, WRV

provides organic material like leaves, twigs, and large wood that serve as food and habitat for different

aquatic  organisms  (Oelbermann  &  Gordon,  2000)  and  redirect  flow,  creating  higher  flow-  and

substrate-diversity and channel features like pools, bars and undercut banks (McBride et al., 2010).

Moreover, herbaceous bank vegetation is supressed, promoting natural channel patterns and dynamics

(Parkyn  et  al.,  2005).  Finally,  WRV serves  as  habitat  and  as  migration  or  dispersal  corridor  for

terrestrial invertebrates, birds, mammals and terrestrial life-stages of aquatic insects (e.g. Petersen et

al., 2004; Van Looy et al., 2014). In principle, these functions depend on the presence of trees alone. In

contrast, retention of nutrients, fine sediments, and pesticides is also related to inputs from adjacent

agricultural areas and strongly increases with WRV width (Arora et al., 2010; Gericke et al., 2020;

Ramesh et al., 2021). Moreover, some functions of WRV are more relevant in specific contexts. For

example,  shading  limits  primary  production  and  reduces  water  temperature,  which  is  especially

relevant if elevated nutrient levels would otherwise result in excessive phytobenthos and macrophyte

growth (Kiffney et al., 2003; Nebgen et al., 2019). Besides landscape setting, these effects also depend

on the length of WRV patches. While shading by WRV causes lower equilibrium water temperatures

within few hundred meters (Kail et al., 2021), the positive effect of reducing inputs of nutrients, fine

sediment and pesticides rather accumulates over long distances. Since several functions depend on

landscape setting and length of the WRV patches, these should be considered when investigating the

effect  of  WRV on river biota.  Based on these reasons,  higher effects are expected in  agricultural

catchments, as well as from wider and longer WRV sections along the riparian corridor.
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A large number of reach-scale empirical studies have found positive effects of WRV on functional

traits and community composition of benthic macroinvertebrates while limited effects were evident in

some  recent,  larger-scale  empirical  studies.  In  reaches  bordered  by  WRV,  shares  of  shredding

macroinvertebrates were higher than in open reaches (ZumBerge et al., 2003; Thomas et al., 2016;

Turunen et  al.,  2019),  indicating the role  of  WRV to provide leaves  as  a  food source (Lecerf  &

Richards, 2010). Biomass and abundance of macroinvertebrates were lower in shaded stream reaches

due  to  lower  water  temperature  and light  availability  (Smith,  1980;  Noel  et  al.,  1986;  Kaylor  &

Warren, 2018), limiting instream primary production (Parkyn et al., 2003; Feld et al., 2011). With

decreasing canopy cover, the abundance of tolerant taxa like Chironomidae and Oligochaeta strongly

increased on the expense of sensitive taxa like Plecoptera and Ephemeroptera (Kiffney et al., 2003;

Thompson & Parkinson, 2011). The decline of sensitive taxa also reflects the associated increase in

fine  sediment  input  and  substrate  siltation  (Davies  &  Nelson,  1994).  Additionally,  sensitive  taxa

benefit especially from the retention of pesticides by WRV (Bunzel et al., 2014). 

These reach-scale studies usually compare differing configurations of WRV and often follow a BA/CI

design. This implies that larger-scale stressors originating from the catchment are similar. However,

recent studies, which analysed a larger number of reaches from different catchments, indicate that

catchment landuse as a proxy for larger-scale stressors superimposes on the effects of riparian landuse

cover on benthic macroinvertebrate traits (Le Gall et al., 2021; Palt et al., 2022). Therefore, catchment

landuse must  be considered when investigating the effect  of  WRV on benthic macroinvertebrates.

From  a  management  perspective,  these  studies  imply  that  establishment  of  WRV  would  not

substantially raise the ecological status if catchment landuse remains unchanged.

Most of the studies mentioned above investigated the effect of reach scale WRV on functional traits

and community composition, yet  there is limited knowledge of the effect  on the ecological status

according to the EU’s Water Framework Directive (LeGall et al., 2022; Palt et al., 2022; Tolkkinen et

al., 2021). The few studies using comparable indices of macroinvertebrate communities’ naturalness

like the Index of Biotic Integrity (IBI) or a Quantitative Macroinvertebrate Community Index (QMCI)

found however better conditions in reaches with WRV compared to those lacking it (e.g. Newbold et

al., 1980; Parkyn et al., 2003; ZumBerge et al., 2003; Aschontis et al., 2016).
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Yet, besides aforementioned large-scale stressors superimposing on the effects of riparian landuse, also

the low effectiveness of reach-scale restoration is often attributed to stressors acting at the catchment

scale  (Jähnig et  al.,  2010).  This  raises  the question,  under which conditions  WRV, a  widely used

restoration measure, can significantly improve the ecological status of macroinvertebrate communities.

Most  studies on the effect  of  reach scale WRV on macroinvertebrates quantified landuse on low-

resolution data, covering forested areas but not including small patches of WRV like single lines of

trees  along rivers  (Dahm et  al.,  2013;  Lorenz and Feld,  2013;  Tolkkinen et  al.  2021).  Moreover,

riparian corridors investigated in these studies were wide (50 – 100 m), rather reflecting forest cover in

the whole floodplain and adjacent hillslopes. Many functions like shading mainly depend on WRV

directly  adjacent  to  the  river  banks  (Kail  et  al.,  2021)  and  wide  strips  of  WRV can  hardly  be

established in densely populated regions or areas intensively used for agriculture. Therefore, studies

are missing that include small woody patches and focus on WRV effects in a narrow riparian corridor

which is important from an ecological and management point of view.

Against this background, this study aims at identifying conditions, under which WRV in a narrow

riparian  corridor  has  significant  effects  on  the  ecological  status  of  macroinvertebrates  using  high

resolution data on WRV. We hypothesise that the effect of WRV is context-specific and differs with

catchment and local landuse, length of the considered riparian corridor and hydromorphology. More

specifically, we expect WRV having its largest effects in agricultural landscapes, because several of its

functions described above are mainly linked to agricultural landuse in the floodplain. WRV even far

upstream is expected being important, since positive effects of some functions potentially accumulate

downstream. Meanwhile, stressors related to urban catchment landuse like point source pollution and

stormwater runoff are expected to limit effects of WRV.

2. Material and Methods

2.1. Biological data 
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Data on macroinvertebrate samples from small lowland (n = 361; 18–189 m MSL) and small mountain

streams (n = 748; 58–594 m MSL), taken between 2004 and 2013, were acquired from three German

federal  state:  Hesse,  North  Rhine-Westphalia,  and  Saxony-Anhalt  (Fig. 1).  Sites  in  lowlands  and

mountains  were  analysed  separately  due  to  assumed differences  in  the  interaction of  aquatic  and

terrestrial environments based on factors such as topography, discharge, slope and consequently flow

velocity and stream morphology.

Macroinvertebrate samples were taken according to the multi-habitat sampling method described in

Haase et al.  (2004). The species-level taxa lists were processed using the online tool PERLODES

(https://www.gewaesser-bewertung-berechnung.de/index.php/perlodes-online.html),  which  amongst

others computes the river-type specific multimetric index (MMI). The MMI is the core component of

the ecological status assessment according to EU Water Framework Directive in Germany. The MMI

reflects the impact of various stressors like hydromorphological degradation, altered hydrology and

impacts of landuse (Böhmer et al., 2004).

The dataset was pre-processed to exclude data of insufficient quality: Only samples with at least 5 taxa

and samples taken between December 1st and April 30th were included to guarantee reliability and

comparability.  For  the same reason samples  with a saprobic index > 2.7 were excluded,  as theses

correspond to polluted streams affected by point sources. Sites with barriers within 5,000 m upstream

of the sampling site were excluded, since these trap sediments, alter the thermal regime to varying

degrees, and therefore potentially mask sediment retention and shading by WRV.

2.2. Riparian landuse

Upstream riparian buffers were demarcated for each sampling site at two spatial scales, starting at the

sampling site and extending for 500 m and 5,000 m upstream length, respectively (Fig. 2), referred to

as near upstream and far upstream in the following.  Riparian buffers were delineated using ESRI

ArcView (Version 3.3) and included tributaries. Laterally, they covered 30 m to either side starting

from the stream banks, hence excluded the water surface, quantifying terrestrial landuse only. Water
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surfaces  were  taken  from  official  ATKIS  landcover  data

(www.adv-online.de/Products/Geotopography/ATKIS).  For  small  streams  not  included  as  water

surfaces in ATKIS, the wetted width was approximated by a mean width measured from orthophotos

for all different Strahler orders (n = 30 each). The rather small buffer width of 30 m was chosen, as it

is  relevant  in  river  management  and restoration and because many functions  like shading mainly

depend on woody riparian vegetation (WRV) directly adjacent to the stream.

WRV  was  quantified  from  ATKIS  data.  Its  detailed  landuse  classes  were  grouped  into  seven

categories:  (1) “arable  land”,  (2) ”grassland”,  (3) ”natural  vegetation”,  (4) ”urban  green  space”,

(5) ”urban”, (6) ”water surface”, and (7) ”woody vegetation”, with some rare landuse classes excluded

(e.g. quarries, harbours). Given the minimum size of woody vegetation patches in ATKIS is 0.1 ha,

smaller landscape features, like single lines of trees along rivers, were missing. Therefore, ATKIS data

in the riparian corridor were complemented by WRV, down to single trees, identified on orthoimages.

These were obtained from the German Federal Agency for Cartography and Geodesy and were mostly

CIR and some RGB images with a 0.2 m resolution (0.4 m for some few older RGB images). Only

orthoimages taken between April and August and closest to 2010 were used to match the vegetation

period and macroinvertebrate samples respectively.

Orthoimages  were  processed  in  an  object-based  image  analysis  (OBIA),  consisting  of  image

segmentation and classification of resulting objects. The multiresolution segmentation into objects of

homogenous pixel patches was carried out in Trimble’s eCognition (Version 9.3.0) based on the pixel

values of the colour bands. For their classification a support vector machine (SVM) classifier was

developed based on a training dataset of 40 representative orthophotos (n = 14 RGB, n = 26 CIR),

which had been classified in a supervised semi-manual nearest neighbour classification approach. The

SVM classifier distinguished woody vegetation, other forms of vegetation (grassland, cropland), and

non-vegetated areas (built-up areas or bare soil) based on shape, colour and brightness of the objects,

as  well  as  the  Visible-band  Difference  Vegetation  Index  (VDVI,  RGB  images)  or  Normalized

Difference Vegetation Index (NDVI, CIR images). This SVM classifier was applied to the orthophotos

using the R package e1071 (version 1.7-3). General accuracy of segmentation and classification was

assessed visually. Additionally, accuracy of the SVM classifier was assessed using cross-validation on
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the training dataset. Woody vegetation objects identified on the orthoimages replaced ATKIS landuse

patches of the categories, “arable land”, “grassland”, “natural vegetation”, “urban green space”, and

“urban”.  Improving  the  spatial  resolution  of  landuse  data  in  close  proximity  to  the  river  was  a

prerequisite to correctly quantifying the percentage cover of near and far upstream WRV.

2.3. Catchment and local landuse

For  each sampling site,  landuse outside the riparian corridor  was quantified at  two spatial  scales

(Fig. 2).  (1) The  catchment,  i.e.  drainage  basin  to  the  sampling  site,  was  delineated  on  a  digital

elevation model (DEM, 10 m resolution)  and visually  checked.  (2) The local  surroundings of the

sampling site were a circular buffer with a radius of 250 m. 

Percentage  cover  of  the  three  landuse  categories  “urban”,  “agriculture”,  and  “woodland”  was

quantified for each scale with ESRI’s ArcGIS Desktop 10.8. Urban landuse comprises all  built-up

areas and infrastructure. It has detrimental effects on stream biota from catchment (e.g. impervious

surfaces) to local scale (e.g. light pollution). Agricultural areas are subject to tillage, fertilization, and

pesticide application, which respectively may result in inputs of fine sediments, nutrients, and toxic

substances.  Woodlands  are  the  predominant  potential  natural  vegetation  in  temperate  regions  and

should  cause  the  least  detrimental  effects  approximating  natural  instream conditions.  Quantifying

woodland  cover  at  catchment  and  local  scale  allows  distinguishing  the  effect  of  woody  riparian

vegetation in the riparian buffer from adjacent woodland cover, i.e. forest cover in general.

2.4. Hydromorphology

Stream morphology pre-sets the potential of transport of sediment or detritus, as well as the thermal

regime. Therefore, the effect of woody riparian vegetation (WRV) might further depend on instream

hydromorphology.
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Hydromorphology mappings and assessment results following Gellert et al. (2014) were provided by

regional  authorities.  Twenty-five individual  hydromorphological  parameters are mapped for 100 m

river  segments  and  compared  to  natural  reference  conditions.  Their  deviation  from  reference

conditions is assessed on an ordinal scale ranging from unchanged with just minor deviations (class 1)

to  heavily  degraded  (class  7).  Scores  of  the  25  parameters  are  aggregated  to  main  parameters:

(1) “channel  pattern”,  (2) “longitudinal  profile”,  (3) “channel  bed  features“,  (4) “cross  section“,

(5) “channel bank features“, and (6) “floodplain conditions“. For each sampling site, mean assessment

scores for main parameters 1 to 5 were aggregated based on all available assessment segments 500  m

and 5,000 m upstream of the sampling sites (Fig. 2).  Main parameter “floodplain conditions” was

omitted not to duplicate information on riparian vegetation.

2.5. Statistical analysis

Model-based recursive partitioning (Zeileis et al., 2008) was used to test the hypotheses. Its core was a

linear regression model (lm) for the macroinvertebrate multimetric index (MMI) given the percentage

cover of woody riparian vegetation (WRV) in the near upstream and far upstream riparian buffer,

which is fitted per maximum likelihood estimation. The other variables in the data set, namely urban,

agricultural  and  woodland  cover  at  both  the  local  and  catchment  scale,  as  well  as  the

hydromorphological  assessment  results  at  the  near  and  far  upstream  scale,  were  incorporated  as

candidate partitioning variables.

The recursive approach first tests for the entire dataset if the estimates of the lm show any significant

parameter  instability  towards  the  gradients  of  any  candidate  partitioning  variable.  If  statistically

significant instability is found (Andrews’ supLM test; Zeileis, 2005), the optimal split in the gradient

of the partitioning variable causing the highest  parameter instability is  calculated.  This split  point

optimizes the maximum likelihood for the core model fitted to the resulting child datasets. The process

is reiterated until no more parameter instability with respect to the candidate partitioning variables in

the lm is found for the thus final subdatasets.
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The recursive splitting of the entire dataset can be intuitively displayed in a tree-diagram similar to

other CART approaches. However, this method differs from most of these as it does not partition the

data into groups of observations with similar response values. Rather it splits the data into groups of

observations with similar model trends between the response (MMI) and core predictors (WRV) not

used for partition (Garge et al., 2013).

Spearman’s  ρ correlation  coefficient  between  WRV and  woodland  cover  in  the  catchment  were

calculated in order to assess if potential effects of WRV on the MMI were independent or rather a

proxy for effects of larger-scale forest cover.

3. Results

3.1. Lowland streams

The lowland sampling sites were split into three subdatasets (LL.1 – LL.3) by recursive partitioning

based on two partitioning variables (Fig. 3).

In  the  lowlands,  near  upstream  woody  riparian  vegetation  (WRV)  had  the  largest  effect  on

macroinvertebrates’  ecological  status  in  rural,  agricultural  catchments  (n = 34;  regression

coefficient = 0.415). This subdataset LL.1 was characterized by low urban (≤ 6.3%; median = 4.9%;

75th-percentile = 5.7%) and low woodland cover (≤ 18.9%; median = 12.4%; 75th-percentile = 15.5%)

in the catchment. Consequently, agriculture cover was high in the catchment (median = 70.3%, 25th-

percentile = 65.1%) but also at the local scale (median = 55.9%; 75th-percentile = 81.9%).

Near  upstream WRV had an intermediate  effect  on the MMI in rural,  forested catchments (LL.2;

n = 100;  regression  coefficient = 0.329)  with  low  urban  (≤ 6.3%;  median = 3.1%;  75th-

percentile = 4.0%) but much high woodland (> 18.9; median = 49.0%; 75th-percentile = 64.6%) cover

in the catchment. Additionally, local woodland cover was slightly higher compared to subdataset LL.1

(median = 13.5%; 75th-percentile = 38.0%).

WRV had the smallest effect on the MMI (LL.3; n = 227; regression coefficient far upstream = 0.160)
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in catchments with high urban cover (> 6.3%; median = 16.4%; 75th-percentile = 26.0%). Local urban

cover  was  equally  high,  also  compared  to  the  other  two  subdatasets  (median = 10.7%;  75th-

percentile = 33.8%).  Local  woodland cover was similar  to subdataset  LL.1 (median = 12.6%; 75th-

percentile = 29.9%) and woodland at  the catchment scale was intermediate (median = 21.1%; 75th-

percentile = 35.0%).

Since near upstream WRV was virtually un-correlated (and even negatively) with catchment woodland

cover in subdataset LL.1 (Spearman’s  ρ = -0.086; Table 1), the observed positive effect on the MMI

was not simply due to sampling sites being located in forested areas. Conversely, near upstream WRV

in LL.2 correlated moderately with catchment woodland cover (Spearman’s ρ = 0.404), implying that

the smaller effect on the MMI might be partly due to positive effects of larger-scale forest cover.

Finally,  far  upstream WRV in LL.3 correlated just  weakly with catchment  woodland (Spearman’s

ρ = 0.291).

3.1 Mountain streams

Sites in mountain streams were split into eleven subdatasets (M.1 – M.11) by recursive partitioning

based on four different partitioning variables (Fig. 4). Significant effects were found in seven of these

subdatasets, with regression coefficients ranging from 0.149 to 0.995:

Woody riparian vegetation (WRV) had a similarly large effect on the multimetric index (MMI) in two

rural,  agricultural  subdatasets  compared  to  lowland  streams:  Subdatasets  M.5  (n = 65)  and  M.6

(n = 45) were characterized by low urban (≤ 11.4%; pooled median = 6.1% and 75th-percentile = 7.9%)

and high  agricultural  cover  (> 34.3%;  pooled  median = 49.2% and 75th-percentile = 61.2%)  in  the

catchment. They were partitioned from each other using near upstream hydromorphology, which was

substantially altered in M.5 (≤ 5.1; median = 4.2; 75th-percentile = 4.7), but even strongly degraded in

M.6 (> 5.1; median = 5.8; 75th-percentile = 6.1). Besides these habitat conditions, the two subdatasets

also  differed  in  local  woodland  cover,  which  was  intermediate  in  M.5  (median = 17.4%;  75th-

percentile = 43.4%) and notably lower in M.6 (median = 8.7%; 75th-percentile = 20.1%). In subdataset

M.5  with  worse  hydromorphology  and  higher  local  woodland  cover,  near  upstream WRV had  a
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positive  effect  on  the  MMI  (regression  coefficient  0.381).  In  subset  M.6  with  the  less  severe

hydromorphological degradation and lower local woodland cover, far upstream WRV had a similar

positive effect on the MMI (regression coefficient 0.420). Catchment woodland cover was moderate

for both subdatasets (pooled median = 29.6%; 75th-percentile = 37.9%).

WRV also had a significant but smaller effect on macroinvertebrates’ ecological status in rural, non-

agricultural catchments, with a regression coefficients of 0.255 and 0.149 in subdatasets M1 and M2,

respectively. These two subdatasets M.1 (n = 132) and M.2 (n = 149) were both characterized by low

urban (≤ 11.4%; pooled median = 5.0% and 75th-percentile = 6.9%) and moderate agricultural cover in

the  catchment  (≤ 34.3%)  as  well  as  very  low  agricultural  cover  locally  (≤ 17.6%,  pooled

median = 0.0% and 75th-percentile = 5.0%).  Consequently,  local  woodland cover  was high in  both

subdatasets (M.1: median = 53.1%; M2: median = 42.6%).

Far upstream WRV had the largest effect on macroinvertebrates’ ecological status in urban catchments

as observed in subdatasets M.8 (n = 54), M.9 (n = 30), and M.10 (n = 60). These three subdatasets

were  characterized  by  high  catchment  urbanisation  (> 11.4%;  pooled  median = 16.2%;  75th-

percentile = 23.6%).  Sites  in  subdataset  M.8  and  M.9  where  further  characterized  by  low  local

agricultural cover (≤ 8.9) that was even completely lacking in M.8, which in turn featured intermediate

catchment agriculture cover (> 6.9%; median ^= 20.3%; 75th-percentile = 33.9%). Rather high shares

of local agriculture (> 8.9%; median = 45.1%; 75th-percentile = 65.2%) and less than strongly altered

near upstream hydromorphology (≤5.5; median = 4.26; 75th-percentile = 4.72) characterized subdataset

M.10. Far upstream WRV had exceptionally strong significant effects on the MMI in two of these

subdatasets (regression coefficient M.8 = 0.949; M.9 = 0.995) where local urbanization was very high

(pooled  median = 42.9%;  75th-percentile=78.3%)  while  catchment  (pooled  median = 33.3%;  75th-

percentile=54.5%)  and  local  woodland  (pooled  median = 13.5%;  75th-percentile=39.5%)  were

intermediate at best. The third urban subdataset M.10, was the only one with significant effects from

both near (regression coefficient -0.499) and far upstream (regression coefficient 0.794) WRV as well

as the only with a negative effect (near upstream). Local (median = 16.2%; 75th-percentile = 26.6%)

and catchment  (median = 32.4%; 75th-percentile = 42.6%) woodland cover  were both intermediate.

Despite the highest amounts of catchment urbanisation of any subdataset with significant effects, local
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urbanisation was barely moderate (median = 5.1%; 75th-percentile = 14.4%).

In the two rural, agricultural subdatasets M.5 and M.6, the effects of near and upstream WRV were

considered independent from large-scale woodland cover. Near upstream WRV was even negatively

correlated  with  catchment  woodland in  M.5  (Spearman’s  ρ = -0.114;  Table 1),  while  far  upstream

WRV was positively but weakly related to catchment woodland in M.6 (Spearman’s ρ = -0.300).

In contrast, in the rural, non-agricultural subdataset M.1, far upstream WRV strongly correlated with

catchment woodland (Spearman’s  ρ = 0.614), indicating that the effects of  WRV might be at  least

partly due to larger-scale forest cover. Yet in the second rural, non-agricultural subdataset (M.2), near

upstream WRV correlated negatively with catchment woodland (Spearman’s ρ = -0.103).

In two of the urban subdatasets (M.8, M.9), far upstream WRV was also negatively correlated with

catchment woodland cover, and only weakly positively correlated with catchment woodland cover in

the third urban subdataset (M.10).

4. Discussion

This study aimed to identify conditions, under which woody riparian vegetation (WRV) in a narrow

buffer has the largest effects on the ecological status of macroinvertebrates (multimetric index, MMI).

Despite using, to our knowledge the most detailed data on WRV in a large-scale study to date, there

exist limitations to the approach. First, only percentage cover of certain landuse forms was assessed,

which simplifies characteristics of more complex landscape elements (e.g. tree species, type of built-

up  area)  and  neglects  temporal  dynamics  (e.g.  forest  development  phase)  as  well  as  spatial

arrangement. For instance, gaps in WRV are not accounted for and neither is it possible to perfectly

distinguish WRV from wider forest  cover by just  comparing the narrow riparian corridor to local

landuse and the entire catchment.

4.1 Rural landscapes
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As hypothesized,  WRV had a  large  positive  effect  on the ecological  status  of  macroinvertebrates

(multimetric index; MMI), in rural, agricultural landscapes. Results were consistent and regression

coefficients  similar  in  one  subdataset  in  lowland  (LL.1,  regression  coefficient  0.415)  and  two

subdatasets in mountain streams (M.5 and M.6, regression coefficients 0.381 and 0.420). As the MMI

ranges from 0 to 1 and is discretized evenly into five ecological status classes (high, good, moderate,

poor or bad status), these coefficients imply that by managing woody riparian cover between 0 and

100%, without accompanying measures, the macroinvertebrate ecological status could be improved by

as much as two status classes. This confirmed that woody riparian buffers are indeed a powerful tool

for restoration in streams impacted by agricultural stressors. Given low catchment (median: 12.4 –

31.0%) and local (median: 8.6 – 17.4%) woodland cover and the lack of strong correlations between

woodlands and WRV, the observed significant positive effects can be considered independent from

larger-scale forest cover.

Other than expected, far upstream WRV was less important than near upstream WRV in agricultural

landscapes.  There was only one significant effect  of far  upstream WRV in one out  of these three

subdatasets (M.6). In the remaining two (LL.1, M.5) the significant positive effect was caused by near

upstream WRV indicating that functions of WRV already were provided over a rather short distance of

500 m, which can substantially improve the ecological status of macroinvertebrate communities. This

observation is in line with Kail et al. (2021), who observed that 400 m of shading by WRV results in a

new thermal equilibrium of water temperature in lowlands. The sampling sites in subdataset M.6,

where far upstream WRV had the significant effect, were highly morphologically degraded, suggesting

that WRV at a larger spatial scale is necessary to compensate for instream habitat deficits.

In other rural but non-agricultural subdatasets, the effect of WRV on the ecological status was similar

in lowland (LL.2, regression coefficient = 0.329) or somewhat lower in mountain streams (regression

coefficient in M.1 = 0.255; M.2 = 0.149). Woodland cover in the catchment and locally around the

sampling sites was much larger in these three subdatasets and correlated with WRV in two of them

(LL.2, M.1). Therefore, the observed effects cannot be clearly attributed to WRV and might have been

at least partly due to positive effects of large-scale forest cover. This would be consistent with other

studies reporting strong positive effects of catchment woodland cover (Wahl et al., 2013). 
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4.2 Urbanized catchments

Other  than  expected,  the  effect  of  WRV  on  the  ecological  status  was  not  clearly  limited  or

superimposed by urban catchment landuse. Also, the percentage cover identified as the root split node

well  mirrored  previously  identified  thresholds  for  urban  cover  with  respect  to  the  state  of  the

macroinvertebrate community (Kail et al., 2012). Causes for the overall  impact of urban areas are

manifold  (Walsh  et  al.,  2005).  For  instance,  increased  runoff  from  impervious  cover  and  flood

prevention measures result  in alterations to the hydrological  regime. Furthermore,  urban areas are

sources for nutrients and hazardous substances, which eventually end up in streams. These impacts are

evident in this study and reflected by generally lower multimetric (MMI) scores for subdatasets above

the root split point (catchment urban cover) in both stream types.

However, within this limited range of low MMI scores, far upstream WRV still has a significant effect

on the ecological  status in urbanized catchments in lowland streams (LL.3).  And even the by far

largest effects are found in mountain streams in urbanized catchments (M.8, M.9, and M.10). Solely

considering the regression coefficients  one might  expect  that  managing the woody riparian cover

between 0 and 100% could improve the macroinvertebrate ecological status by as much as five status

classes, i.e. from bad to high. This contradicts our expectations. However, given the lack of sites with

high  WRV cover  and high  ecological  status  such  an  extrapolation  of  the  regression  model  over-

interprets the results. Nevertheless, within the limited range of the data, results indicate that increasing

WRV cover might be an appropriate restoration measure even in urban catchments. It seems that when

there are virtually no adverse effects from agriculture to be buffered by near upstream WRV, the

degree  of  naturalness  in  the  far  upstream  riparian  corridor,  expressed  by  WRV cover,  is  a  key

determinant of macroinvertebrates’ ecological status at urban sites.

While the presence of far upstream WRV could be a proxy for the lack of near-stream urban pressures,

the  effect  might  also  be  due  to  functions  provided by  far  upstream WRV,  like  decreasing  water

temperature  or  aiding  aerial  dispersal.  These  functions  might  –  while  not  necessarily  mitigating

stressors  related to  urbanization like point  source pollution and stormwater  runoff  –  still  improve
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habitat  conditions  rendering  WRV a worthwhile  restoration  tool.  In  contrast  to  rural,  agricultural

settings,  where  near  upstream  WRV was  most  important,  longer  segments  of  WRV seem  to  be

necessary to substantially improve habitat conditions in urban settings. Only in streams affected by

urbanization in concert with agriculture and hydromorphological degradation even the positive effects

of far upstream WRV are limited or superimposed by this multiple pressure situation (M.11).

Subdataset M.10 is furthermore special due to the, at first counterintuitive, negative effect from near

upstream WRV along with the positive effect from far upstream WRV. Further inspection revealed a

spatial cluster of sites within M.10 (Fig. 5), characterized by near upstream WRV upwards of 50% that

nevertheless maintains poor MMI scores. This spatial cluster is located in the vicinity of Frankfurt am

Main, a major metropolitan area, in small stream tributaries to the Nidda, which discharges to the river

Main, as well as other close-by smaller direct tributaries to the Main. We suspect some local effect not

accounted for in the data to be responsible. Excluding these sites from the subdataset, a positive effect

would exist for both scales of woody riparian vegetation.

5. Conclusion

Numerous small scale studies confirmed the beneficial effects of WRV on macroinvertebrates, while

the results of recent large scale studies (Le Gall et al. 2021; Palt et al., 2022) question the effectiveness

of woody riparian vegetation (WRV) to improve the ecological status. Our findings clearly reveal that

effects of WRV on ecological status are large, but context specific as they differ in magnitude and

scale according to catchment landuse, local landuse and hydromorphology. While the identification of

context-specificity of the relationship between woody riparian vegetation and the macroinvertebrate

community is  hardly surprising,  this  analysis first  succeeds in  confirming underlying assumptions

using a large dataset.

In streams mainly impacted by catchment urbanization, longer upstream reaches bordered by WRV

seem  to  be  necessary  to  substantially  improve  habitat  conditions  enhancing  macroinvertebrates’

ecological  status  in  the  range  from bad  to  moderate  conditions.  Establishing  WRV is  potentially
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particularly relevant for river management in rural, agricultural settings, where an increase in WRV

from 0 to 100% can improve ecological status by up to two classes. Thus developing WRV can be an

effective measure to reach good ecological status. We conclude that establishment of WRV is a key

measure in the management and restoration of small streams, which is effective and easily applicable.
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Tables

Table 1: Spearman’s ρ rank correlation coefficient between near and far upstream woody riparian ve-

getation (WRV) and catchment woodland cover for subdatasets with a significant effect (bold) from 

WRV on the macroinvertebrate multimetric index.

Spearman’s ρ

Subdataset near upstream WRV far upstream WRV

LL.1 -0,086 0,115

LL.2 0,404 *** 0,547 ***

LL.3 0,128 0,291 ***

M.1 0,153 0,614 ***

M.2 -0,103 0,354 ***

M.5 -0,144 0,33 *

M.6 0,019 0,3 *

M.8 0,211 -0,066

M.9 -0,449 * -0,182

M.10 0,044   0,24 *
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Figures

Fig. 1: Location of macroinvertebrate sampling sites in Germany: Bars show lowland and chevrons

mountain streams. 

Fig. 2: Landuse was assessed in the catchment, locally in a 250 m circle around the sampling site and

at two lengths in the riparian corridor upstream from the sampling site 30 m to either side of the

stream:  Near  upstream  extents  for  500 m,  and  far  upstream  for  5,000 m  respectively.  Available

hydromorphological assessments were aggregated for both upstream lengths. Not to scale.
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Fig. 3: Partitioning tree for lowland sites. Density distributions of the macroinvertebrate multimetric

index (MM) for each final subdataset (columns) with boxplot-like coloration of quantiles. Relationship

between  the  MMI  and  the  near  and  far  upstream  woody  riparian  vegetation  (WRV)  shown  in

scatterplots with significant effects indicated by regression coefficient and line.  Distribution of all

candidate partitioning variables given as boxplots.
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Fig. 4: Partitioning tree for mountain sites. Density distributions of the macroinvertebrate multimetric

index  (MM)  for  each  final  subdataset  (columns)  with  the  boxplot-like  coloration  of  quantiles.

Relationship  between the  MMI and the  near  and far  upstream woody riparian vegetation  (WRV)

shown in scatterplots with significant effects indicated by regression coefficient and line. Distribution

of  all  candidate  partitioning  variables  given  as  boxplots  (Abbreviations:  “Urb.” = urban,

“Agr.” = agriculture, “Wdl.” = woodland).
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Fig. 5: Sites in subdatasets with significant effects of woody riparian vegetation (WRV). Lowland sites

in the top row. Sites in subdataset M.10 contributing to a negative effect of WRV in black.
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 3  General Discussion 

 

The research assembled in this thesis supports the conjecture that woody riparian vegetation is 

a natural control on aquatic systems on various levels as expected from the overwhelming 

collection of evidence in literature. First, Kail et al. (2021) assess the effect of a singular 

function of woody cover in effective temperature control. Second, while initially falling short 

of demonstrating effects on the higher level of the macroinvertebrate ecological status 

assessment, in Le Gall et al. (2022) and Palt et al. (2022), Palt et al. (submitted) reconciles the 

underlying literature with empirical evidence by demonstrating strong context-specific 

relationships. Third, Vermaat et al. (2021) show that management of floodplain woody cover 

even while following highly ambitious standards does not have to come at a high cost on the 

socioeconomic level. 

 

Regarding the effect on water temperature regulation, the findings in Kail et al. (2021) are 

encouraging for river managers given that a 10 m wide continuous strip of woody cover already 

can successfully mitigate lack of shading in an upstream section after few hundred meters to 

great extent. The magnitude of the effects is in the realm of other studies on this topic (e.g. 

Rutherford et al., 2004), which suggests a fair degree of transferability and generalization. 

From the perspective of management, 10 m wide buffers are entirely realistic, albeit not 

manageable everywhere given current circumstances. Nevertheless, since heating in small 

streams due to widespread lacks of shading accumulates in tributaries across drainage basins, 

the effect becomes practically irreversible in the larger more downstream stretches. Excess 

thermal energy there no longer can be mitigated by managing shade. Crucially with increasing 

stream size human uses might in turn become impaired (e.g. use of cooling in thermal power 

plants), linking this function of woody riparian vegetation to quite prominent provisioning 

ecosystem services. Emotively phrased, every watt of energy intercepted from penetrating small 

streams by a canopy cover within a catchment does not straightforwardly factor into water 

temperatures at its outlet. 

Coincidentally, the small tributaries lacking shade for long stretches, which would benefit from 

riparian management for the purposes of temperature regulation, typically can be found in 

agricultural landscapes, where they literally are channel past arable lands. This is also where 

the strongest effects on macroinvertebrates are found by Palt et al. (submitted) and where woody 

riparian vegetation is required for maintaining or achieving a good ecological status. These 

synergies need to be considered when restoration measures are planned. For instance, while 

planting a theoretical dense strip of non-native deciduous plants might serve the purposes of 
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temperature regulation from a purely technical point of view, sacrificing diversity and not 

allowing a native and adapted biocenosis constitutes a wasted opportunity of achieving multiple 

goals simultaneously. Given the magnitude of effects achieved by woody cover on temperature 

regulation as well as the potentially feasible amount of woody riparian cover needed, there 

should be strong motivation for further concerted efforts protecting streams and making them 

more resilient facing climate changes. 

Thanks to the year round water temperature measurements it is possible to distinguish between 

conditions in early spring and summer. It is encouraging to see that effects are very strong in 

spring when many aquatic organisms are actually in crucial phases of their development. 

Providing stable habitat conditions by maintaining moderate diurnal water temperature 

amplitudes should be highly beneficial. Also by encompassing different meteorological 

conditions over the long period of data collection, more general effect sizes are quantified next 

to the already well established, albeit important, strongest effects on sunny, hot days. This 

allows for the development of simple tools, that practitioners can rely on in order to simulate 

possible effects in stream reaches they know. An example for such a tool has been derived from 

this study within the OSCAR Biodiversa project (https://mars-project-

sat.shinyapps.io/oscar_temperature_empirical/). Thanks to the large dataset it is also possible 

to communicate expected variability based on these results. 

 

Large datasets initially prove to be a challenge with regards to assessing the effect of woody 

riparian vegetation on macroinvertebrate communities (Le Gall et al., 2022; Palt et al., 2022). 

As riparian areas are located on the edge of terrestrial and aquatic systems it is not surprising, 

that catchment landuse pressures would be of great importance (Dahm et al., 2013). 

Additionally, there exist some mechanisms that circumvent riparian buffers altogether so a 

decoupling of catchment stressors from freshwater ecosystems is not possible (e.g. drainage of 

arable land, waste water effluents; Section 1.1). Due to the high diversity of functional links 

and context variables, weighing functions and their effects is still illusive. 

Despite using very high resolution data on woody cover within the riparian corridor, the gap 

between the thoroughly documented individual functional links between woody riparian 

vegetation and macroinvertebrates as an instream biotic quality element, is not closed. Relying 

on woody cover derived from orthoimages specifically for Palt et al. (2022) does not facilitate 

more insight than more pragmatic previous approaches (e.g. Death & Collier, 2010). Only by 

disentangling the context of functioning of woody riparian vegetation are the actual effects 

successfully embedded in the landscape that they occur in (Palt et al., submitted). In this case, 

the differentiation between subdatasets is data-driven, as opposed to Tolkkinen et al. (2021) 
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who otherwise found very similar effect sizes. This shows that goals set by the Water 

Framework Directive can be indeed achieved by management on the spatial scales available to 

river managers. Nevertheless, by describing subdatasets with limited albeit significant (e.g. 

some degrees of urban landuse) or with no effects form wood riparian vegetation at all (e.g. 

mixture of urban landuse and strongly impaired hydromorphology), clearly there exist 

limitations. While this might potentially even play a role in explaining the ongoing lack of 

success despite widespread restoration and conservation activities in freshwater ecosystems 

(Jähnig et al., 2010) it more importantly calls for some prioritisation of measures as well as 

realistic management of context-dependent expectations. In continuation to Feld et al. (2018) 

scale dependencies of the effects of woody riparian vegetation do not only exist within the 

riparian corridor but also on the level of catchment landuse and pressures. 

 

Despite the additional encouragement derived from e.g. Kail et al. (2021) and Palt et al. (2022) 

that positive outcomes form riparian restoration are rightfully expected, it does not seem likely 

that planers would start allocating the amounts of landcover required to fulfil potential 

functionalities (ca. 30 m wide buffers, Section 1.1) for establishing meaningful woody riparian 

vegetation, given constraints regarding ownership of land and competing interests with 

agriculture as well as e.g. flood protection. 

However, Vermaat et al. (2021) show that ambitious management of woody riparian vegetation 

including converting agricultural areas is socioeconomically viable as a whole. While there 

exists an optimum curve in monetizing nature’s contribution to people with respect to woodland 

cover in the floodplain, even woody cover excessive of that maximum is not overly costly on 

an economical level. However there is nuance to this, since this is mostly due to a shift from 

provisioning to cultural ecosystem services. 

Consequently, riverine restoration needs to be addressed at a social and societal level as well. 

For one, a fair and appropriate economical compensation for the loss of immediate productivity 

needs to be put in place, where it is not so already. Otherwise, existing resistance from 

landowners towards any changes to agricultural practices or even property will likely not waver. 

Sustainable solutions need not only to be so ecologically speaking, but also socially as well as 

economically. Therefore participatory processes driven by dialog between stakeholders remain 

highly integral. 

Given the importance of social benefits to balance losses of provisioning services, it is 

furthermore necessary to partly reconsider goals of restoration and conservation of freshwater 

ecosystems anew. Without sacrificing on ecological goals it seems possible to attract societal 

revenue, either through monetized goods and services (e.g. recreational angling, commercial 
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canoeing) but also much more generally through other contributions to people by nature, such 

as landscape aesthetics, sense of identity or merely providing a backdrop for social relations 

(Hanna et al; 2018; Kaiser et al., 2021). As sweeping ecological scuesses of restoration activities 

continue to linger, by incorporating synergies between biological and societal goals, acceptance 

for further and even more ambitious efforts can be generated in order to keep momentum on 

the way to more ecologically health freshwater ecosystems. 

 

 

 4  Conclusion 

 

This theses is concerned with woody riparian vegetation as a standalone landscape feature on 

various levels: individual effects on the physical aquatic environment, effects on aquatic 

communities as a whole, as well as human benefits from floodplain landcover. 

Notwithstanding, the straightforward and therefore highly helpful messages to practitioners in 

river management regarding water temperature control (Kail et al., 2021) and ecosystem 

services (Vermaat et al., 2021), contextualizing effects on riverine biota is probably where this 

thesis is most important. By demonstrating both the initial limitations (Le Gall et al., 2022; Palt 

et al., 2022) but also the ability to then successfully disentangle relevant effects from their 

larger-scale contexts (Palt et al., submitted), old lessons can be learned again for future research 

and management. Firstly, responses, processes and predictors are predictably non-linear. 

Persistence in developing sound analytical frameworks is key. Secondly, and more significantly, 

established knowledge from vast numbers of studies is translated into dimensions meaningful 

to practitioners, i.e. the ecological status. This quantifies what is at stake for riparian 

management and as a whole this thesis hopefully encourages effective restoration planning. 
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