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Abstract

Rivers are among the most sensitive of all ecosyste the effects of global change, but options
to prevent, mitigate or restore ecosystem damagsetdirinadequately understood. Riparian
buffers are widely advocated as a cost-effectiveoogo manage impacts, but empirical
evidence is yet to identify ideal riparian featugesg). width, length and density) which enhance
ecological integrity and protect ecosystem servicdke face of catchment-scale stressors. Here,
we use an extensive literature review to synthesiggence on riparian buffer and catchment
management effects on instream environmental dondi{e.g. nutrients, fine sediments, organic
matter), river organisms and ecosystem functiorns.offier a conceptual model of the
mechanisms through which catchment or riparian igament might impact streams either
positively or negatively. The model distinguisheals-independent benefits (shade, thermal
damping, organic matter and large wood inputs) &nae from riparian buffer management at
any scale from scale-dependent benefits (nutriefihe sediment retention) that reflect stressor
conditions at broader (sub-catchment to catchnsmatles. The latter require concerted
management efforts over equally large domains ales@.g. riparian buffers combined with
nutrient restrictions). The evidence of the relainips between riparian configuration (width,
length, zonation, density) and scale-independemfits is consistent, suggesting a high
certainty of the effects. In contrast, scale-depanéffects as well as the biological responses to
riparian management are more uncertain, suggestaigongoing diffuse pollution (nutrients,
sediments), but also sources of variability (eyglrblogy, climate) at broader scales may
interfere with the effects of local riparian manawgmt. Without concerted management across
relevant scales, full biological recovery of danthg#ic ecosystems is unlikely. There is,

nevertheless, sufficient evidence that the benefitgparian buffers outweigh potential adverse
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effects, in particular if located in the upstreaantf the stream network. This supports the use
of riparian restoration as a no-regrets managewoidn to improve and sustain lotic ecosystem

functioning and biodiversity.
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1. Introduction

Growing evidence suggests that rivers are amongtist sensitive of all ecosystems to the
effects of global change. As the major terrestigiression of the global water cycle, they are at
risk from major anthropogenic modifications to #tenospheric, catchment and riparian
environments from which they receive drainage (Doea& Ormerod, 2007; Palmer et al., 2008;
Woodward et al., 2012; Beketov et al., 2013; Bessil., 2016). Already well over half of the
World’s river discharge is appropriated for humae,uvhile pollution, climate change and
habitat modification interact among a suite of mpldt stressors on river ecosystems that now
incur some of the most rapid biodiversity lossesarth (Matthaei et al., 2010; Gutiérrez-
Céanovas et al., 2013). These effects are not drihtrinsic ecological significance, but also
pose major risk to rivers as some of the World’'smwvaluable natural capital assets and as the
sources of ecosystem services of vital importaadeutan survival (Vérosmargt al., 2010;
Maltby & Ormerod, 2011). The degradation of rivaveonments is now a pressing policy
priority, and in Europe the Water Framework Direet{2000/60/EC) aims to return almost 60%

of Europe’s rivers to ‘good ecological status’ 27 (EEA, 2012).

Among the multiple stressors affecting Europeashveaters, agricultural intensification,
hydromorphological alteration and climate changeamnong the main causes of river
deterioration, increasing nutrients and sedimemiaters, reducing habitat quality and
modifying thermal and hydrological regimes (EEA120Hering et al., 2015). However,
protecting rivers, arresting degradation and r@sgicecological damage in the face of global
change is a challenging task, and requires soméioation of i) cessation or prevention of
damaging activities (e.g. Wilcock et al., 2009; Yhan & Ormerod, 2014); ii) mitigation of

ecological effects of stressors (e.g. Bednarek &,12905); iii) enhanced resilience by adapting
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river ecosystems to further change (e.g. Thomas,£2016) and iv) restoration to accelerate
ecological recovery (e.g. Hickford et al., 2014ridg et al., 2015). So far, there is only limited
information to underpin the implementation of thesteffective and practicable combination of
these strategies at relevant scales and at low\bsle case studies exist, there is an urgent
need to synthesise the extant evidence, whichtésn dbcal, fragmentary or arises from studies

with limitations in study sample size and design.

Among the restorative and management strategiespimve ecological status, the establishment
of riparian buffers has been most frequently wdiso mitigate diffuse pollution by agriculture
(Feld et al., 2011; Collins et al., 2012) and th&rdeterioration induced by climate change
(Palmer et al., 2009). However, empirical evidefioen studies assessing the effects of planting
or restoring riparian buffers is unclear becaustefmany features that characterise riparian
buffers and ultimately determine their ecologidé&ets, for example buffer length, width,
density, or the planted species and its zonatienginglevs. multi-zone buffers) (Dosskey,
2001). Practitioners therefore face a lack of ctpadance about the dimensions and
composition required for riparian buffers to beeetive. Additionally, individual local river
characteristics and upstream catchment can allatesttie ecological effects of riparian buffers
(Feld et al., 2011). For example, thermal effettsparian shade are limited at wide and deep
river sections (i.e. by tree height and water beolyme), while reach-scale water quality effects
can be constrained by the degree of land use funirstream in the catchment. Therefore,
knowledge of the interplay of riparian buffer etfeand related catchment features is critical to

render river restoration ecologically successfuhialong term.

Here, we present a synthesis of studies performwveg restoration and management actions for

mitigating the impacts of agricultural intensifiicat, hydrological alteration and climate change



92 across a range of regions, climates and managdeaates. We introduce a conceptual model

93 to visualise the effects of agriculture, urbanmatand silviculture on riparian degradation,

94 instream nutrient and fine sediment concentratiand,eventually on aquatic biodiversity. We

95 hypothesise that some riparian buffer restoratféects will be consistent across a wide range of

96 spatial scales, i.e. they are ‘scale-independentontrast, other restoration benefits are ‘scale-

97 dependent’ as they can only be gained by simultasaotions across scales such that the effects

98 are large enough to offset or mitigate the impésti@ssors at the catchment-scale (e.g. tile-

99 drainage, extensive agriculture). Second, we hygsigle that riparian buffer restoration effects
100 are negatively related to catchment size and thoditonal on the longitudinal position along
101 the river continuum. Riparian buffers at headwastions thus would be more likely to give
102 rise to positive outcomes as compared to bufféorason in the middle and lower parts of the

103 river network.

104 2. Material and methods

105 2.1 Literature review

106 We focused our synthesis on evidence about reabmeés from management intervention and
107 related recovery trajectories, because biologEsphonses to restoration are not necessarily the
108 reverse of responses to degradation (Feld etGil1)2 For example, hysteresis effects or

109 alternative endpoints may prevent ecosystems twvegdts pre-disturbance properties after a
110 restoration action (Verdonschot et al., 2013). \@&rshed the peer-reviewed literature using the
111 Web of Science and Scopus using the following coatimns of search terms ("*' truncation to

112  include similar versions of the same word suchirsgusar/plural):
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catchment* OR watershed* OR land use* OR ripari&riparia* vegetation OR buffer AND
manage* OR enhance AND rive* OR strea*

riparian* AND catchment* AND manage* AND rive* ORrsa*

riparia* AND land us* AND catchmen* AND manage* ANilve* OR strea*

rive* OR strea* AND land us* AND catchmen* AND rest AND manage*

rive* OR strea* AND land us* AND manage* AND spdtsxal*

riparia* AND catchmen* AND stress* AND rive* OR rgsia* AND catchmen* AND stress*
AND strea*)

riparia* AND basin* AND stress* AND rive* OR ripaait AND basin* AND stress* AND

strea*

The terms resulted initially in 219-998 hits fockaearch that were scanned (title, keywords
and abstracts) to exclude irrelevant referenceghwkd to 711 candidate studies. The
candidates were then grouped into i) studies adohgsiparianand catchment-scale
management simultaneously; ii) studies solely agking management at ripariancatchment
scale; iii) studies addressing mechanistic modglinliterature reviews of management effects
at either scale. Studies that did not fit into ahyhe groups were omitted, which eventually

resulted in 138 references to enter a review dat@aba

2.2 Review database

To allow for a structured review including some lgative meta-analysis of the reviewed body
of literature, we defined several criteria to egtiaformation from the reviewed papers, which

was compiled into a database (Table 1). These weageneral study characteristics (e.g. study
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origin, spatial scale and year), ii) informationtbe main drivers and related catchment-scale
pressures impacting the study area (e.g. agri@iliaind use, eutrophication), iii) riparian
management characteristics (e.g. type and spatiahteof a restoration), iv) catchment
management characteristics (e.g. type and spatahteof a modelled or actually

implemented management option) and v) the instraaiotic and biological effects of
management (e.g. changes in nutrient concentratiob®logical indices). The database assisted
the conceptualisation and synthesis of the evidehcause-effect relationships (i.e.

management-recovery effects), which resulted ioreceptual model.

2.3 Conceptual model of riparian and catchment-scale management effects

Our conceptual model represents the multi-layexticaiship between riparian-scale and
catchment-scale management effects on the insteeamonmental and biological conditions
(Fig. 1). The model follows the Driver-PressuretStarminology, as part of the DPSIR scheme
(EEA, 1999). In this context, we use the term Stg’ to refer to either a pressure (e.g. diffuse
pollution) or an environmental state (e.g. nitrogencentration) that adversely affects

biodiversity or ecosystem functioning (sensu Townasset al., 2008).

First, we considered all potentially relevant caaffect links for our study and distinguished
positive, negative and indifferent (i.e. no clegnsdefinable) potential relationships. Second, to
provide a qualitative measure of the support fahdak, we counted the number of papers
showing significant and consistent effects for emtationship and whether the relationship was
positive or negative. The sign and strength ofctéfevere derived from a study’s model
coefficients or ANOVA results. Third, we assignetba colours (sign) and thickness (strength)

to visualise the sign and strength of the evidefcaodel linkages. Red and blue arrows in the

Table 1

Figure 1



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

model mark linkages that were consistently repoategositive or negative in the literature;
indifferent linkages are marked grey. Arrow thicgsés linearly related the number of evidence

items in the literature that support that link.

Unfortunately, a quantitative meta-analysis wasranpicable, because we addressed numerous
and often multi-layered links, for which in sevecakes only qualitative information was
available. Further, the many effect-response viasaddressed in the studies were of very

different nature, including various kinds of abéoéind biological indicators.

3. Results

3.1 Reviewed literature

Of the 138 studies reviewed in detail, only 55 jed evidence of statistically significant
management and restoration effects on the instedaatic and biological states addressed.
These 55 references constituted the core evideitber based on monitoring surveys after the
implementation of management or restoration optithmeugh experiments or through (sub-)
catchment-scale mechanistic modelling. The remgirgferences encompassed review papers
and empirical studies, the latter of which usualiiglressed statistical relationships among

stressors and biological responses to progressikgyaded riparian environments.

The 55 core studies were published between 199@@hd and originated mainly from the USA
(36%), Europe (32%), New Zealand (24%) and Cana¥g.(Experimental studies (52%)
dominated over modelling studies (26%), statistigadlysis of environmental gradients (17%)
and reviews (17%) (NB: percent values do not negédgsum up to 100% as some studies

addressed several criteria simultaneously, for gkanif data originated from several countries).
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Only about 15% of the studies addressedltu monitoring following intervention, highlighting

a potentially important shortcoming in evaluatingr restoration and management. This reveals
another shortcoming in that poor experimental desiten limits the quantification of net buffer
effects. To calculate net effects, ideally the ¢bods before and after buffer management would
be compared against control or reference locationisplate the effects of management action
from natural variation. This design is referrecsothe “BACI design”, i.e. the before-after-
control-impact comparison that allows the estimmabbtype Il errors in the statistical analysis
(Conner et al., 2016). In our sample, the golddaiath approach involving the BACI design had

been applied in only six studies (11%).

Most studies focussed on small streams (66%) adcbased headwater and upstream sections
(66%), while the middle (32%) and downstream sastid0%) were less frequently addressed.
Fewer than 2% of the studies addressed catchmeas af,000 ki Regarding elevation, 56%
of the studies were conducted in lowland strear29@<n a.s.l.), 41% in piedmont streams
(200-500 m a.s.l.), 7% in mountainous streams (800 a.s.l.) and only 3% in alpine streams
(>800 m a.s.l.). This suggests that riparian mameae, but presumably also riparian

degradation, is fairly limited to riverscapes ditatles below 500 m.

3.2 Riparian management studies

Riparian management studies most often addressaedlch (61%) and segment scales (42%),
as compared to sub-catchment (16%) and site s¢&&s More specifically, the length of the
management section was generally less than 1 k&b (8Xhe studies) or 2—10 km long (27%),
while studies addressing longer segments (>10 keng wery rare (7%) (Fig. 2a). We should

note, however that this information was absent frooghly a third of the studies. Most riparian

10
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buffer widths were <10 m (34%), followed by buffeidths of 10—-20 m (22%) and >20 m
(20%), respectively (Fig. 2b). Buffer height variédit again two thirds of the studies provided
no usable information on this feature. Buffer vagjeh age was usually <5 years (49%),
although long-term management effects were alsesepted (5-10 a: 18%, 10-20 a: 12%,
>20 a: 18%). The type of vegetation managed irsthdies were mainly trees (74%), followed
by grass/forbs (57%) and shrubs (34%). The plamb@oations used in the buffers were mostly
single trees (27%) or multi-zone configurationsy®@5while trees and grass (9%), single grass

(10%), shrubs and grass (6%) and trees and sh@bswere less common combinations.

3.3 Common abiotic and biological management effects

Studies almost equally addressed pollution by géro(total N, soluble inorganic N, nitrate-N,
nitrate; 41%), diffuse sediments (41%), phospho(8u%0) and thermal effects (31%). Shade

(18%) and the provision of large woody debris (L) were less frequently addressed
(Fig. 3).

Only about half of the studies (55%) addressed gemant effects on instream and/or
floodplain biota. Of these, macroinvertebrates (2% fish (25%) were most commonly
addressed, followed by instream primary producg¥s) (and riparian vegetation (8%) (Fig. 4a).
Most often, community diversity was used to quaniblogical effects (23%), followed by
various biotic indices (e.g. national water quaditsgtus, multi-metric assessment indices; 19%),
trait-based community metrics (e.g. feeding tysedstrate preferences; 17%), measures of
abundance (15%) and community composition (e.gntimeber of Ephemeroptera, Plecopera

and Trichoptera taxa; 9%) (Fig 4b).

11

Figure 2-4
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3.4 Conceptual model of riparian and catchment-scale management effects

We found evidence for altogether 58 links (arrowefspur conceptual model in the reviewed
literature (Fig. 5). Most of this evidence was dstent with regard to the sign of the

relationship: 25 negative, 16 positive and 17 iieddnt links. Notably, the evidence of the

effects of riparian configuration (density, wid#gnation, length, age, but not location, see Table
1 for an explanation) on instream water quality habitat conditions was fairly consistent. In
particular, the arrows that connect riparian buietth, zonation and length with instream water
guality and habitat variables were supported, @ragye, by 6—-10 evidence items (Fig. 5).
Biological response to riparian management wasistam only for primary producers (although

evidence was rare), while fishes and macroinvestebrrevealed a fairly unpredictable response.

While riparian management studies almost exclugiadtiressed real management interventions,

the majority of catchment management-related ssugliesented the outcome of mathematical

models. The models were based on catchment-widageament scenarios and represented 14

out of the 55 core studies reviewed here. Notalily a single study addressed the effects of a

real sub-catchment-scale management interventiaglies & Quinn, 2014). The authors

presented results from a 13-year integrated catchmanagement plan, investigating the Figure 5
effects of cattle exclusion from and land use cleanghe riparian zone (total area: 153 ha) of a

headwater catchment in western Waikato, New Zealand

The dominant drivers of riparian degradation threcpded management and restoration in the
reviewed studies were agriculture and silvicult{f8@% each of the studies). Although there was
evidence for direct effects of both these land usethe erosion of fine mineral sediments (11
and 8% of the studies, respectively; Fig. 5), mstugies reported that riparian vegetation

influenced interactions between land use and iastreediment and nutrient conditions,

12
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particularly through buffer density (15% of thedigs), width (15%), composition (30%) and

length (26%), but less so for buffer age (4%).

Biological effects have been reported mainly frogparian management studies, whereas only a
single catchment-scale modelling study address@ddcal response variables (Guse et al.,

2015). The effects are detailed below.

3.5 Evidence of riparian and catchment management effects

3.5.1 Nutrient pollution

About 75% of the studies reported effects of rigatiestoration on nitrogen and/or phosphorous
retention in surface and sub-surface waters (FigR8storations typically consisted in planting
riparian buffers, promoting vegetated buffer stigpgencing, to manage riparian degradation
through livestock. Well-developed riparian buffees retain up to 100% of total nitrogen from
the sub-surface groundwater flow before enterirgstieam network (Feld et al., 2011; Aguiar
et al., 2015), but retention capacities for nitiadeally range over 50-75% (Dosskey, 2001;
Broadmeadow & Nisbet, 2004; Mankehal., 2007; Krauset al., 2008; Doddet al., 2010;
Collinset al., 2012). Phosphorous retention by riparian buffeas slightly lower, at 40-70%
(Dosskey, 2001; Dode al., 2010; but see Kronvareg al., 2005) and mainly associated with

particles retained from surface runoff (Dosskey) 20

Several features, such as buffer length, widthadon and density, seem to influence nutrient
retention (Fig. 5). Buffer width was positively agtéd to N and P retention (Dosskey, 2001; Feld
et al., 2011; Sweeney & Newbold, 2014; King et2016) and, together with buffer zonation,

they can control the amount of nutrients retainedhfsurface runoff and upper groundwater

13
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layer (Dosskey, 2001). A buffer width of 30 m waparted to effectively retain N and P from
surface and sub-surface groundwater runoff, ifénsftonsisted of multiple zones of mature
wooded vegetation and grass strips (Feld et al.]1 28weeney & Newbold 2014). King et al.
(2016) found that 15 m wide buffers retained 2n%e8 more nitrogen from the sub-surface
groundwater than 8 m wide buffers, while buffer egion type had no significant effect.
Denitrification plays an important role in the oakmitrogen retention capacity. It is promoted
by carbon-rich soils with high microbial activitywhich usually occur in wetlands (Mayetral .,
2005). Lowrance at al. (1995) found denitrificatiates in forested riparian buffers to be
significantly lower than those measured in adjaggassy riparian buffers, while denitrification
rates in hydrologically intact wetlands can resenthbse of mature riparian forests. The authors
concluded that denitrification rates in their stwasre due to factors other than riparian
reforestation itself. Total phosphorous was pritgand effectively retained by grass strips
ranging 1-3 m in width that mechanically filter gipborous compounds adhered to fine
sediment particles (Dosskey, 2001; Yuan et al.9200he role of buffer length and density was
less often quantified, but buffer strips >1,000mteingth appeared to support nutrient retention

(Feld et al., 2011).

The role of riparian buffer tree age for nutrierdmagement remains unclear. Trees and shrubs,
with deep and dense root systems can retain nitrogee effectively at intermediate ages (ca.
15 a), whereas mature stands of woody vegetatenrd(ra) were found to be less effective
(Manderet al., 1997). However, due to the shade that trees amtbsizast on the stream banks,
dense wooded buffers can suppress the understgeyateon and hence negatively influence
stream bank stability and filtering effects of thederstory vegetation, with adverse effects on

sediment and phosphorous retention (Hughes & QRioh4).

14



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

In the absence of riparian vegetation plantinganiam livestock exclusion by fencing appears to
be less effective an option to retain nutrientinpared to vegetated riparian buffer strips
(Parkynet al. 2003; Collins et al. 2012; Muller et al. 2015).Wwhyver, fencing is a prerequisite

for the establishment of vegetated buffers whenestiock grazing occurs in the riparian area.

Irrespective of the kind of riparian interventianreduce nutrient pollution, there is a common
shortcoming in the design of studies that prohithiescalculation of net retention effects taking
into account the type Il errors. Net retention effecan be quantified by comparing the
conditions before and after buffer management thitise of unmanaged (control) sites. There is
evidence that agricultural control sites withopiarian buffer structures attenuate already 27—
35% of nitrate-N (Clausen et al., 2000; King et 2016), which points at the need to include
control effects in the quantification of managenmeffécts. The mere comparison of managed
and unmanaged sites after buffer instalment, howeltdiough a common design in many
studies, does not fulfil the criteria of the BAQdign, as the conditions at the managed site
before management may deviate substantially frasdlat the unmanaged (control) site
considered, which then may lead to an overestimatidhe effect size attributable to the

management intervention.

At the broad scale, simulations of different lase intensities and agri-environmental schemes
suggest that catchment-scale management mighteedudent loads in stream systems by 25—
50% for nitrogen and 8-50% for total phosphorous(ise et al., 2008; Lam et al. 2011; Hughes
& Quinn, 2014; Weller & Baker, 2014). However, tthieect comparison of nitrogen reduction
levels requires a harmonisation of the differerddshpounds considered (e.g. nitrate, nitrate-N,

total nitrogen). In addition, the broad-scale meddto revealed that part of the variability in the

15



310 nutrient reduction is explained by other environtakoo variates such as temperature,

311 precipitation or soil characteristics.

312 3.5.2 Fine sediment pollution

313 In general, riparian buffers can retain betweenl®0% fine sediment from surface runoff

314 (Dosskey, 2001; Hook, 2003; Mankehal., 2007; Yuan et al., 2009; Fedtlal., 2011; Sweeney
315 & Newbold, 2014), although once again BACI desigasge been rarely applied. Retention
316 capacity was higher for sand-sized particles (UpO&b) than for silt and clay-sized particles
317 (20%) (Dosskey, 2001). Sediment retention has priynaeen linked to grass strips, which act
318 as mechanical filters at widths between 3 and 8look, 2003; Mankiret al., 2007). However,
319 Dosskey (2001) found that riparian stiffgrass aloasnpletely retained sand-sized sediments
320 already at a width <1 m. In contrast, ripariandraad shrubs have been found much less
321 effective in the retention of fine sediments (Sbeehl., 2000, Yuan et al., 2009). Shading can
322 suppress the understory vegetation and thus retledeuffer's sediment filter functionality

323 (Hughes & Quinn, 2014). Consequently, buffer trge and height might negatively affect

324 sediment buffer functionality, as close-to-matueetstands with their wider and dense canopies
325 cast more shade than less developed woody vegetttmvever, evidence on negative buffer

326 effects and the role of buffer tree age in thisternis still scarce.

327 The role of riparian vegetation length and deniség not been assessed frequently in riparian
328 management studies, although both aspects aresfidguliscussed with regard to the

329 limitations of vegetated riparian buffers. Somedsts suggest that gaps in the riparian buffer
330 system, together with insufficient buffer width 85 m) or length cause a weak sediment

331 retention (Parkymt al. 2003; Collinset al. 2012). In addition, riparian actions to contrdelal
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sediment inputs are likely to not reduce instreadiraent content when the upstream area is
already exposed to sediment inputs (Colénal. 2012). This points at the role of buffer
longitudinal location as an important determindntoeffectiveness, as riparian buffers cannot
mitigate sediment pollution that occurs furthertugem in the continuum. Instead, riparian
management should cover the entire stream netwinjkected to lateral sediment inputs, in order

to effectively control sediment pollution.

The effects of riparian fencing on sediment reteanare similar to those reported for nutrients,
since fencing primarily induces the establishmémiparian grass vegetation as a mechanical
filter strip. Furthermore, fencing reduces fineisgght and nutrient input by cattle activity. The
effects of fencing are detectable shortly aftetaiment of fences (Carline & Walsh, 2007), since
grass strips grow fast and may already provideftuittionality after one or a few years. In
general, however, the evidence of the effects mfifeg appears to be less consistent as
compared to planting buffer vegetation, which readencing alone rather insufficient to

guarantee the establishment of a functional ripabiafer strip.

Buffer strips need to be thick and wide enoughrevent gully erosion (Dosskey, 2001), which
can occur because of damage from agriculturaliieBvsuch as ploughing at the riparian zone.
Removing vegetation cover and ploughing perpendidal the stream can initiate gully erosion
and thus can easily counteract the effect of @pabuffers. In contrast, ploughing along the
contour line can help reduce gully erosion (Dossk&p1). Surprisingly, tile drainages, and
their effects on riparian buffer performance did figure in the literature reviewed, although

there is evidence of their importance in pollutdunt (e.g. Jacobs & Gilliam, 1985).

Four catchment-scale studies addressed manageffeats en fine sediment pollution, two of

which detected fairly limited reductions rangin§-65.0% following the simulation of

17



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

management interventions (Lam et 2011; Panagopoulas al., 2011). In contrast, the other
two studies by Gumiere et al. (2014) and Nigel e2914) found vegetated riparian buffers to
effectively reduce sediment loss by 32-93% and 4@%pectively. The major determinant of
sediment trapping efficiency in the case study rhbgié&umiere et al. (2014) was buffer density
(and with a minor role also buffer location; modeta <1 krf), while Nigel et al. (2014) defined
a variable buffer width (5-120 m) conditional oe tiopography (i.e. slope) and economic
restrictions (i.e. agricultural land use) in theiodel catchment (model area: 108%rnThe

results of these studies suggest that the poteritigdarian buffers to reduce instream annual
sediment loads can be fairly limited and influenbgctatchment features, yet in general bear a
great potential to reduce fine sediment pollutibbuffer density in the catchment achieves

70%.

3.5.3 Shade and water temperature

Most studies report a cooling effect linked to width of riparian wooded vegetation (Colligr
al., 2001; Broadmeadow & Nisbet, 2004; Whitledgjal., 2006; Broadmeadoet al., 2011,
Sweeney & Newbold, 2014). Accordingly, a buffer thidf 20 m on either bank side has been
found sufficient to keep water temperature withitC2of a fully forested watershed, while 30 m
wide buffers on either side are required for futitpction from measureable temperature
increases (Bescht&tal., 1987; Sweeney & Newbold, 2014). Thermal dampingijpgrian
vegetation was most effective at streams <5 m \(ideitledgeet al., 2006) and at shading
levels within 50-80% (Broadmeadaawval., 2011), which points at stream width and buffer

density as key controls of riparian shade and wataperature.
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Surprisingly, we found limited evidence showing #fects of buffer length on water
temperature. A rare example is provided by Co#teal. (2001), who found the first 150 m of a
planted (15 m wide) riparian buffer to reduce wagenperature already by 3 °C. Yet, in the
absence of riparian trees, reheating may occur ohately. Riparian tree harvesting along
stretches of 185 m—810 m length of alpine headv&iteams led to an increase of 4-6 °C in
water temperature (Macdonald et al., 2003). Basethadelling studies, Parkyat al. (2003)
concluded that at least 1-5 km of shaded streagiHamas required for first-order streams and
10-20 km for fifth-order streams to reduce watergerature to reference conditions. A width-
length function of shading effects was illustrabgoBroadmeadow & Nisbet (2004) and could
help estimate required buffer width-length comborad to limit the maximum summer water

temperature.

For tree age, the reviewed evidence suggests thatrenriparian vegetation is required to
maximise thermal damping (Broadmeadeival., 2011; Felcket al., 2011; Sweeney & Newbold,
2014). Our synthesis clearly shows that buffer iogpéffects, at least in summer, are related to
the presence of tree cover (Fig. 5). Besides bgfiaracteristics, it is important to note that
instream water temperature is controlled too bumstgeo-climatic co-variates such as latitude,
precipitation, stream size and current velocityl(i€oet al., 2001; Hook, 2003; Arora et al.,
2016). This raises the need to put riparian buffanagement into a regional geographical and
climatic context. For instance, best practice bufi@nagement is likely to differ between the
temperate central European and the summer-dry Breaiitean region. More generally, there is a
need for better heat budgets, to understand th&qaiynechanisms through which cooling,

warming and insulating effects occur under diffémgparian canopies, with or without the
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influence of groundwater resurgence; radiativeihgas only one component alongside sensible

heat transfer or advection, yet has received nmostest.

3.5.4 Large Woody Debris (LWD)

The presence and quantity of in-stream LWD is lcht@riparian buffer width, zonation, length,
density and buffer tree age. Opperman & Merenle(@204) showed that fencing riparian
vegetation over periods of 10—-20 years increaseadtmount of LWD and subsequently
enhanced the conditions of river biota. In thigigtiuhe density of trees, their basal area and the
number of LWD pieces was higher in restored reaties in unrestored reference reaches. This
study also found debris dams were five times asenous at restored reaches. McBride et al.
(2008) revealed that passive restoration of thariam zone, over a course of >40 years increased
the presence of LWD. Yet, although forested reablags40% more pieces of LWD as compared
to non-forested reaches, total LWD volume and nurobdebris dams remained similar

between both groups of reaches. Other studies shtha¢ forested reaches and reaches buffered
by a 15 m-wide tree zone have almost four timasash LWD volume per bottom surface area
unit as compared to pasture reaches, although wWesa very strong seasonal variation (e.g.

Lorion & Kennedy, 2009).

3.5.5 Coarse Particulate Organic Matter (CPOM)

Our review includes only one study that explicalydressed the effect of riparian management
on instream CPOM (Thompson & Parkinson 2011), itigasng the effect of a planted multi-
zone riparian buffer compared with open-canopyhesacLeaf litter input was about 40-50%

higher along restored reaches, accompanied bycagase in the richness of macroinvertebrate
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shredders due to the increased availability crjtivhile open reaches showed a greater
abundance and biomass of invertebrates feedingitoctthonous resources such as algae. Algal

biomass showed no significant differences betwestored and unrestored reaches.

3.5.6 Primary producers

There is evidence that aquatic primary producembigs can be managed effectively by means
of riparian shading. Notably, Hutchiesal. (2010) found riparian shade to be even more
effective than nutrient reduction through sewagattnent. In combination, both management
options led to a reduction of phytoplankton pealniass by 44%, as compared to 11% at
unshaded reaches. Shading can also effectivelgesgeriphyton and macrophyte growth
(Davies-Colley & Quinn1998; Parkyret al., 2003). However, as a negative consequence,
dissolved nutrients might be transported furthexmsiream, thus extending the nutrients

spiralling.

3.5.7 Benthic macroinvertebrates

We found evidence of both positive and negativpaases of macroinvertebrates to fine
sediment and temperature reduction at the catchscafe. For example, sediment retention by
riparian buffers can increase macroinvertebrateitigrbut not diversity (Carline & Walsh,
2007). On the other hand, water temperature resluatiresponse to catchment-wide riparian
shading was linked to the increase of several niagedebrate biotic indices (Colliet al.,

2001; Parkyret al., 2003; Quinret al., 2009; Dodcet al., 2010), thus reflecting the dominance

of organisms showing preferences for clean and watér. Other studies report no changes

21



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

(Quinnet al., 2009) or even a decrease in macroinvertebratesiiyeand production in response

to reduced water temperature (Weatherley & Ormet6@p).

3.5.8 Fish

Similar to macroinvertebrates, the response oftfistiparian restoration was inconsistent and in
part species-specific. Fish density or growth ratey decline through riparian shade (Soegll

al., 2000; Weatherley & Ormerod, 1990) or increase (&tigeet al., 2006). Melcher et al.
(2016) observed consistent beneficial effectspdnan shading on water temperature and fish
community composition in two piedmont streams, ipatarly supporting species adapted to cool

water such as brown trousglmo trutta) and grayling Thymallus thymallus).

Positive effects of LWD arise through an increagedl-riffle heterogeneity, which benefits
some species such as trout (Sievers et al., 20t7¢a (Jowetet al., 2009). After LWD
addition, for example, trout density on averageeased by 87.7% (Sievers et al., 2017).
However, other species may benefit from more homogs habitats without LWD (Lorion &
Kennedy, 2009), which implies that beneficial eféecf LWD are not universal, but species-

specific.

4. Synthesis and recommendations

Riparian management offers a promising managenpidroto recover and protect lotic species
adapted to clear, cold, well-oxygenated and flowirzger (e.g. Elliot & Elliot, 2010; Verberk et
al., 2016). In fact, in comparison to open-canopyditions, aquatic environments with reduced
light and water temperatures, and at the samedithanced amounts of LWD and CPOM are

associated with unique and often diverse lotic coamitres of benthic algae (Potapova &
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Charles, 2002; Hering et al., 2006), macroinveetds (Gutiérrez-Canovas et al., 2013; Thomas
et al., 2016) and fish (Jowett et,&009; Sievers et al., 2017) in temperate regiArtsigher

CPOM availability can diversify trophic links offeg food for macroinvertebrate shredders, in
particular during late autumn and winter, when @ynproduction is limited by low
temperatures (e.g. Wallace et al., 1997; Thomat,£2016). A higher abundance of LWD on

the stream bottom increases habitat heterogensityhaus the in-stream retention of nutrients

and sediments (Gurnell & Sweet, 1998; Pustcli., 1998; Mutz, 2000; Gurnell et al., 2002).

Our study provides the first conceptual model basegublished evidence, which links different
anthropogenic drivers and pressures affectingigparharacteristics to the features that mediate
anthropogenic impact on the freshwater ecosystéma.r@viewed evidence, however, provided
consistent results only for a limited number oétienships outlined in the conceptual model

(Fig. 5). It is these well-evidenced cause-effetdtionships that can help water managers design
efficient schemes for riparian management and ratstm. Our conceptual model discriminates
four variables, namely light, water temperature,\Ahd CPOM that can be considered largely
scale-independent and thus point at managemermnspirith rather positive effects at the local

scale, irrespective of other co-occurring stresepesating at the same or broader scales.

These variables are, however, conditional on tw fegime, which will largely determine the
age, structure and complexity of riparian buffarerein altered situations. For example, reduced
and homogenised flow is likely to promote dense @dduffer vegetation, with more shade
casted and LWD accumulated on the stream bed. Goes#y, riparian buffer management too

requires the integration of flow and riparian vegiein dynamics (Egger et al., 2013).

Contrastingly, the beneficial effects of ripariaamagement on nutrient and sediment retention

are scale-dependent and thus often limited byqaati adverse conditions at broader scales,
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such as extensive agriculture (Table 2) or enviremiad co-variates linked to topography and

topology (Gumiere et al. 2011). Then, both therigraand the catchment scale require

consideration, to effectively manage and reststeam reach or segment. Numerous studies
provided evidence that the riparian and floodplaimd use conditions upstream of a

managed stream section can largely influence aed eounteract site or reach-scale Table 2
restorations (Mayer et al., 2005; Richardson e8l10; Feld et al., 2011; Lorenz & Feld, 2013;

Giling et al., 2016). Such broad-scale adverse atgpdor example, imposed by intensive land

use may operate up to 5-10 km upstream (Lorenzl&, 2813) or even further (Feld et al.,

2011). Riparian management without broader-scalé lse management thus is unlikely to be

sufficient to protect lotic ecosystem integrity afidersity.

In light of the evidence synthesized in this studlg,recommend that riparian buffers should be
i) at least 20—30 m wide (Dosskey, 2001), ii) cetef multiple continuous zones with trees,
shrubs and grass strips (Weller & Baker, 2014)iandover the entire stream reach or segment
impacted by lateral diffuse nutrient and sedimaptis (Parkyn et al., 2003). Future research in
this field is urgently required to evaluate subcbatent and catchment-scale management
options, in particular the effects of real (i.et nmdelled) agri-environmental measures such as
land use abandonment and fertilizer managemembatbr scales. Future research should also
address two widespread shortcomings in the evaluafi riparian buffers. Firstly, management
studies should apply the BACI (i.e. before-aftentcol-impact) design, to be able to reliably
guantify the net effects of management intervestiamd restoration measures. The comparison
of managed (impact) and unmanaged (control) sftesthe intervention (also referred to as
“space-for-time-substitution”) may provide usefhbsgt-term estimations of the management

effects, and may be the only option where decaute periods are required for buffer
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development. However, these study designs do ptaage controlled comparison with the
conditions at the managed difore the intervention. Secondly, riparian managemertiss

are often short-term (Feld et al., 2011) and thmsat allow of a reliable estimation of long-term
effects, for example, in course of the developnaémiparian forests. Longer-term BACI
assessments of riparian buffer effects are extrnesearce in the scientific literature. Only two
field studies conducted in North Carolina and Pglvasiia, United States have reported nitrogen
attenuation potential of riparian buffers usingzaahd a 15-year data set (Newbold et al., 2010;
King et al., 2016). Computer simulation models halp quantify the long-term performance of
riparian buffers for nutrient and sediment retemfisee Tilak et al., 2014; 2017 for an example),
yet require sound data to set-up and calibratentbdels. Such data might be derived from a
limited number of long-term field surveys, for iaste, linked to or alike the network of Long

Term Ecological Research (LTER) sites (https:igtredu/site/).

With regard to the location of riparian managenierthe stream continuum, our synthesis
implies that scale-independent benefits are comimdime upstream parts of the network. Indeed,
almost 60% of the core studies addresséant! 29 order streams, which points at a bias
towards headwater studies in the reviewed boditevbture. We may infer that this bias is owed
to the fact that headwater and upstream secti@mach more influenced by terrestrial and
riparian vegetation (Nakano & Murakami, 2000), ppased to wider and deeper sections
further downstream in the continuum. Then, scateefrendent management effects through
shade, and CPOM and LWD recruitment are more likelyccur upstream in the network.
Recent research on meta-community theory sugdestfiadbitat improvements in the upstream
part of the network are much more likely to enhdotie biodiversity as opposed to stream

sections further downstream (Swan & Brown, 201'8nte, if biodiversity improvement is the
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goal of lotic ecosystem management, riparian rasitor should start upstream in the network

and then continue further downstream, to aid thesasguent recolonization of restored reaches.

5. Conclusions

Riparian management constitutes a widely-appligtogo restore and protect stream
ecological functioning and biology, yet with ofteariable and sometimes inconsistent effects.
Management effects not only are controlled by ptgldbuffer characteristics, but are subject to
other environmental co-variates (e.g. slope, smiligle size, precipitation). Therefore, it is not
trivial to provide general guidance for those iauge of the management and restoration of
stream ecosystems towards a good ecological stateritical synthesis of the available
evidence, if embedded within a useful structurairfework, can help identify generalisable
management options that are likely to be beneffoialhe instream biota. The conceptual model
provided with this study constitutes such a framewvamnd allows of the following statements,
provided that the minimum demands (e.g. buffer leywyidth, zonation; see section 4 Synthesis)

are met:

1. Consistent beneficial effects arise from the sumplyoarse particulate organic matter,
large woody debris and shade (and thus thermal mhanio the stream system. These
effects are largely independent of the conditiamther upstream in the continuum, i.e.

the effects are scale-independent.

2. Inconsistent and sometimes even adverse effecevatent for the riparian buffer
function, i.e. the retention of nutrients and fsegliments in the riparian area before both
can enter the stream system. These effects am-depéndent and conditional on the

situation further upstream in the continuum.
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3. To be beneficial, scale-dependent effects requneerted management efforts at both
the riparian and the (sub-)catchment scale. Ripdndfer management thus needs to be

accompanied by nutrient and erosion control measatrbroader scales.

4. Evidence of the effects of (sub-)catchment-scaleagament options to reduce nutrient
and fine sediment pollution is scarce and largeiyvéd from modelling case studies of
lowland catchments. The models’ outcome, howevgggssts that riparian management
alone can buffer only up to 50% of the nutrientst #nter the stream system. The other

half requires nutrient reduction options (e.g.ifiedr management) at the broad scale.

5. Riparian management effects on aquatic biota asedéien addressed and largely
inconsistent, thus pointing at the poor and incatgknowledge in the biological
domain. However, biological effects implicitly racgiconsideration, if the ultimate goal
of stream management is to improve and sustainvg@gity and ecological status.
Future studies should address biological effectgpafian management, to provide the

scientific basis for an effective riparian managame
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Tables

Table 1: Criteria, variables and variable clasatfien extracted from 138 references to form the

review database and to draft the conceptual mddsuse-effect relationships (Fig. 1).

Criterior

Variable

Variable classificatio

General stud
characteristics, meta-data

Study origin and locatic

Country, latitude, longituc

Altitude (m a.s.l.

Lowlands (<200), uplands (2-500),
mountainous (500-800), alpine (>800)

Catchment area at managem
site/reach (k)

Headwater (<10), small (-100), mediun
(101-1,000), large (>1,000)

Stream network position «
management site/reach (Strahle
order)

Upstream (-2), middle (—4), downstrean
[ (>4)

Drivers ancpressure

Drivers

Agriculture, silviculture, urbanisatic

Diffuse pressure

Nutrient pollution, fine sediment pollutio

Poini-source pressur

Waste water pollutic

Riparian pressur

Vegetation removal, vegetation altera

Pressure spatial sle (km)

Site (<0.5), reach 0.5-2), segmer (2-5),
sub-catchment (>5), catchment (entire
catchment)

Riparian manageme
characteristics

Active
Passive

Planting
Fencing

Riparian nanagement spati
scale (km)

Site (<0.5), reach (0-2), segment (-5),
sub-catchment (>5), catchment (entire
catchment)

Riparian nanagement spati
extent

Length (m), width (m), density (%
vegetation age (a)

Vegetation zonatic (Dosskey,
2001)

Single-zone (trees or shrubs or forbs
grass), multi-zone (any combination thereo

Catchment manageme Agricultural Crop rotation, conservation tillage, livestc
characteristics density, fertiliser application, land use
change/abandonment
Silvicultural Afforestatior

Catchment ranagement spati
scale

Suk-catchment ocatchment (no furthe
classification)
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Instream environment;
effects

Physic-chemistn

Nitrogen (Total Nitroger, , NCs, NH,),
phosphorous (Total Phosphorous, -orthosP
ortho-PQ-P, Soluble Reactive Phosphorous
water temperature, light, conductivity,
turbidity

O
5),

Habita

Fine sediments, large woody debris (LW
coarse particulate organic matter (CPOM),
habitat quality index

Instream biological effec

Targeted organism grot

Fish, macroinvertebrates, aque
macrophytes, benthic algae, riparian
vegetation, ground beetles

Diversity Species richness, Shannon (commur
diversity

Composition/ensity EPT taxa (Ephemeropte-Plecopter-
Trichoptera), abundance, biomass

Functions/trait Primary production, feeding tyg

3 Available at the ArcGIS Online Resources Center.
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Table 2: Evidence of riparian management effectgyirt of potential limiting factors operating atdader spatial scales. The table

summarises the reviewed riparian management libexahat reports weak or no effects after the imgeletation of management and

restoration measures, and that attributes thedaekects to broad-scale stressors/pressurestiminue to impact the restored river

sites/reaches.

Riparian management
option

Abiotic effect

Biological effect

Limitation

Reference [type of
study]

Wooded muli-zone
riparian buffer strips, 5-30

m wide and >1,000 m long

Retention of nutrient
(up to 100% N/P) and
fine sediments (up to
100%), reduction of
stream temperature,
habitat improvement
(LWD, CPOM)

Increase of macroinvertebre
and fish diversity,
improvements of functional
traits, improved community
composition, enhanced fish
biomass, less studies effects
riverine plants

Land use further upstream

the continuum continues to lim
restoration success; poorly
designed buffers (too narrow,
too short) are not functional

of

Feldet al. (2011)
itfreview of 57 riparian
management papers,
various regions and
stream types worldwide

Scenario 1 covers parti
land use change on
sensitive floodplain areas
(e.g. hydromorphic soils,
erodible soils) and 20 m-
wide riparian forested
buffers along the river
course; scenario 2 covers
full land use change on
sensitive areas and 50 m-
wide riparian forested
buffers

Reduced nitrat
leaching from the root
zone (43-85% for
scenarios 1 and 2,
respectively); reduced
nitrate contribution
from the floodplain
(70-100%); floodplain
can even constitute a
sink for river-derived
nitrate.

Floodplain nitrate contributio
constitutes only about 1% of
total river nitrate loads per yea
hence modelled management
effects are negligible

Krauseet al. (2008)
[modelling of land use
r.and management effect
of two scenarios within
a ca. 1,000 kfsub-
catchment of River
Havel, Germany]

(7]

Comparison of pasture sit
with unlimited livestock
access and fenced sites
without livestock access
and riparian trees/shrubs
present

Bank erosior
processes vary
throughout catchment
(with particular
reference to their scalg

D

dependence); only tw

The exclusion of livestock froi
riparian areas is generally

reported as the principal factor
in the measured improvements
or differences; planting of

Hughes (2016) [revie\
of various studies with
and without livestock

5 access to river banks al
riparian trees/shrubs]

riparian vegetation in headwat

nd

er
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studies specificall
attributed reduced
stream bank erosion t
the presence of
riparian vegetation

D

streams and the subsequ
shading of stream banks can
reduce bank stability and
promote channel widening (an
hence a release of sediment; g
also Hughes & Quinn 2014)

d
ee

Riparian manageme

targeting the provision of
riparian habitat that fulfils
critical functions for fish

(e.g. bank stability,

shade/temperature, large

wood, water clarity,
sediment retention)

Riparian habitat i
crucial for the
provision of shade,
control of channel
complexity and
sediment inputs
through bank
stabilization, input of
large wood and
allochthonous energy
sources, and filtering
of nutrients and toxins
from adjacent land

Riparian habitat should t
considered biologically
critical for most species of
freshwater fish, unless the
habitat requirements of
individual species indicate
insensitivity to the ecological
functions associated with
riparian zones

Protecting the riparian zot
alone may not be sufficient to
maintain stream ecosystem
integrity or species at risk, if th
development within the
watershed (e.g. agriculture or
urbanization) significantly alter
hydrology or water quality

Richardsoret al. (2010)
[review of various
riparian management
estudies in light of habitat
demands of fish]

[72)

Riparian land use in buffe
of 100-200 m width and

500-10,000 m length
upstream, and riverine
hydromorphology 500—
10,000 m upstream of

biological sampling sites

Upstream land use al
hydromorphology are stronge
determinants of ecological

Land use ani

s rhydromorphological

degradation in the sub-

recovery after restoration thancatchment upstream can limit

local land use and
hydromorphology at restored
sites

the success of local restoratior

Lorenz & Feld (2013
[analysis of biological
effects of riverine
hydromorphology and
1giparian land use at
several distances
upstream of restored and
unrestored lowland and
mountainous stream
sites in Germany]

Comparison of modelle
nitrogen loads from

cropland conditional on the
amount of buffered stream

length and streamflow

In the entire
watershed, croplands
release 92.3 t of nitrat
nitrogen, 19.8 t of
which is removed by
riparian buffers; 29.4 t
more might be

11

47% of cropland nitrogen loz
cannot be reduced by riparian

buffers and must be addressed buffer effects on

by other management options

Weller & Baker (2014
[modelling of riparian

cropland nitrate loads at
1,964 sub-basins of
Chesapeake Bay, USA]

44



removed with al
buffer gaps closed; the
remaining 43.1 t of
cropland load cannot
be removed by riparia
buffers

—

Analysis of the response
aquatic macroinvertebrate
assemblages to riparian
replanting (8—-22 a before
monitoring) at agricultural
streams

Macroinvertebrates did n

respond to replanting over th

time gradient, probably
because replanting had little

benefit for local water quality

or in-stream habitat;

invertebrate assemblages we

influenced mainly by
catchment-scale effects, but
were closer to reference
condition at sites with lower
total catchment agricultural
land cover

Reacl-scale replanting i
eheavily modified
(agriculturally-used) landscape
may not effectively return
biodiversity to pre-clearance
condition over decadal time-
recales

Giling et al. (2016)
[analysis of riparian
svegetation replanting of
different ages at stream
in south-eastern
Australia]

n

Mete-analysis of the effec
of riparian buffer width ang
buffer vegetation type on
the removal of nitrogen
from surface runoff and
sub-surface groundwater
flow paths

Riparian buffer:
effectively remove
nitrate through uptake
and denitrification
(mean: 74%), but the
relation to buffer width
is not strong

Riparian buffers are a b+
practice management option,
but only in concert with other
management options at the
watershed scale; soil
characteristics can promote
denitrification (high organic
content, water-saturated soils)

Mayeret al. (2005)
[review of the effects of
riparian buffers on
nutrient and fine
sediment retention]

Passive ecologici
restoration (excluding
livestock by fencing along
an entire stream, 1 m from
the stream bed) with the
assumption that recovering
riparian habitat will restore
ecological processes (e.qg.
filtration, soil stabilization)

After eight years, th
restored stream had
complex riparian
banks, similar to thoseg
of reference streams
j (more trees, less bare
soil, increased habitat
heterogeneity)

Water quality did not improve
the same low water quality in
the reference stream
demonstrated the need for a
whole watershed-scale approa
and for actions to improve
agricultural practices before
implementing restoration

practices at a smaller scale

Muller et al. (2015)
[monitoring of water
quality and riparian
habitat heterogeneity of
chn entire stream in
France, eight years afte
lifestock exclusion
through fencing]

=
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Analysis of the capabilit
of longitudinally restricted
riparian forest buffers to
enhance in-stream nutrien
retention in nutrient-
enriched headwater
streams.

Riparian foreted
buffers can increase
instream ammonia (bu
I not phosphate) uptake
through enhanced
hydrologic retention
(reduced flow) induceg
by LWD on the bottom

—

)

Already highly eutrophie
streams seem to have a limite
retention capacity for N and P
components; instream nutrient
retention cannot compensate fj
deficits in riparian nutrient
retention when the nutrient
supply exceeds the demand
significantly

Weigelhoferet al.
1(2012) [experiment and
modelling of the effects
of riparian forested
obuffers on instream
nutrient uptake]

Measurement of watt
quality along four
Australian tropical streamg
in two catchments with
similar agricultural
development (mainly
sugarcane growing) but
contrasting riparian
vegetation (intact native
rainforest vs. exotic
weeds).

Nitrateand nitrite
(NOx) concentrations
and loads were
significantly lower in
streams with greater
riparian vegetation;
yet, NOx concentratiof
significantly increased
with distance
downstream (i.e. with
the amount of
fertilized agricultural

N

land in the catchment),

An adequate reduction in NC
in streams can only be achieve
by reduced fertilizer applicatiof
rates in the catchments

Connollyet al. (2015)
rdcomparison of N

n reduction along buffereg
and unbuffered streams
in four agricultural
catchments in Australia
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Figure captions

Figure 1: Conceptual model showing the hypothedmsecrchical relationships between
catchment drivers of impact (land-use), catchmesgsures, riparian buffer management,
instream environmental and biological states. Bluews represent assumed negative
relationships, red arrows assumed positive relatiggs and grey arrows assumed unclear
effects, i.e. both positive and negative relatigpslare possible. (See Supplementary Table S1

for the linkage of arrow numbers and core refererjce

Figure 2: a) Length (km) and b) width classes (neibimer side of the stream) of riparian

management areas addressed by the 55 core studies.

Figure 3: Common abiotic state variables (stre3satdressed in the 55 core management

papers (Naitrogen, P=phosphorous, Organic=orgamiatter).

Figure 4: a) Common biological response variabteslg community attributes addressed by the
55 core management studies (Riparian=riparaertebrates, Indices=various assessment

indices).

Figure 5: Conceptual model showing the meta-amahgsiults through hierarchical relationships
between catchment land-use, catchment pressysasan buffer management, instream abiotic
states and instream biological states. Arrows ssareconsistent evidence of negative (blue) and
positive (red) relationships, or unclear evidergrey) with both positive and negative effects
reported in the literature. Arrow thickness is pjonal to the number of studies supporting a
significant relationship between two elements efitiodel. (See Supplementary Table S1 for the

linkage of arrow numbers and core references.)
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Figure 1. Conceptual model showing the hypothedisedrchical relationships between
catchment drivers of impact (land-use), catchmessgures, riparian buffer management,
instream environmental and biological states. Bluews represent assumed negative
relationships, red arrows assumed positive relatiggs and grey arrows assumed unclear
effects, i.e. both positive and negative relatigpsiare possible. (See Supplementary Table S1

for the linkage of arrow numbers and core refersrce
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884 Figure 2: a) Length (km) and b) width classes (neibimer side of the stream) of riparian
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888 papers (Nsnitrogen, P=phosphorous, Organic=orgamiatter).
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Figure 5: Conceptual model showing the meta-amahgsiults through hierarchical relationships
between catchment land-use, catchment pressysasan buffer management, instream abiotic
states and instream biological states. Arrows sepreconsistent evidence of negative (blue) and
positive (red) relationships, or unclear evidergrey) with both positive and negative effects
reported in the literature. Arrow thickness is prgnal to the number of studies supporting a
significant relationship between two elements efitiodel. (See Supplementary Table S1 for the

linkage of arrow numbers and core references.)
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Highlights

» A conceptual framework to evaluate riparian management options is presented.

» Theframework istested against the evidence in the management literature.

* Consistent beneficial effects on the instream environment are detectable.

» For full ecosystem protection, management beyond the riparian scaleis required.



