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Abstract

Metalled roads have been shown to act as a major pathway faolavelr sediment transfer, but there
currently exists linted research into mitigation solutions to tackle this pollution source. The aim of this
study was to assess the effectiveness of three roadside constructed wetlands, installed in September
2016, at reducing sediment enrichment in a tributary of the Rigrsum, UK. Two wetland designs
were triall edsha(ple dé)a,r letrashsetiing pww toieacburage entrained
sedimentofall out of suspension and allow cleaner water to discharge into theVkledland efficiency
wasmonitored through automatedhigh-resolution (30 min) turbidity probesnstalled upstreamand
downstreanof thewetlands, providinga neafrcontinuous record of river turbidity befor@¢tober 2011

T August 2015 and afterlNovember 2016 February 201Binstallation This was supplemented by
lower resolution monitoring of the wetland inflows and outflows, as well as an assessment of sediment
and nutrient accumulation rates within the linear wetland. Results revealdidn river sediment
concentrations decreased opld% after wetland construction and sediment load decreased by up to
82%, although this was largely driven by low river discharge-ipetllation. Median sediment
concentrations discharging from the linear wetland (7.2 mguere higher than the-shged wetland

(3.9 mg L), confirming that a longer flow pathway through wetlands canimprove sediment retention
efficiency. After 12 months of operation, the linear wetland heidined 7,253 k¢§305 kg ha y*) of
sediment,11.6 kg (0.5 kg hay?) of total phosphorus, 29.7 kg (1.3 kg*ha?) of total nitrogerand400

kg (17 kg hat y!) of organic carbanThis translates into mitigated pollutant damage costS@®for
sediment£148for phosphorus and £13 for nitrogen, tlgigng a combinedtotal mitigated damage
costof £553y*. With the linear wetland costin3411to install and £145 182 y* to maintain this
roadside constructed wetland has an estimated paybadkyears making it a coseffective pollution
mitigation measure for tackf) sedimenenriched road runoff that could be widely adopted at the
catchmeniscale.

Keywords: Swale; sediment trapsetting pong sustainable urban drainggeiver; sediment
fingerprinting.
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1. Introduction

Intensification of agricuture and extensivebanisation have resulted in widespread sediment
enrichment of environmentally sensitive freshwater environm@usdell et al., 2009; Quinton et al.,

2010; Wikinson, 2005)River systems affected by sustained hggdimentconcentrations experience

an array of detrimental impacts which threaten sustainable ecosystem functioning. Elevated
concentrations of fine clay and sitt sized (<63 pm) fractions increase water turbidity, restricting light
penetration to underwater plarasd thereby lowering rates of photosynthesis and dissolved oxygen
concentrations. Sediments smother gravel salmonid spawning grounds and benthic habitats, reduce
oxygen circulation through the streambed, clog fish gills and abrasively scour macropypégt gn

and small invertebratg#\cornley and Sear, 1999; Bilotta and Brazier, 2008; Hilton et al., 2006)

Sediments also a major vector for the transport of nutrients and other potentially toxic pollutants due
to its high surface area providing ampleportunity for the sorption of dissolved constituei@soper

etal., 2015b; Evans et al., 2004; House et al., 1995; Russell et al., 1BBR)t,it hasbeerfound that

up to 90% ofriverine total phosphorus (TP) load is transported in associatidm thwt fine grained
sediment in rural catchmentsthe United Kingdom(Bowes et al., 2003; He et al., 199Fhis means
nutrientrich sedimentplays an important role in the development of eutrophic conditioredlinfy

blooms of phytoplanktorand neureoxin secreting cyanobacteria colonies, which can dramatically
lower species diversity and lead to a fundamental breakdomauaticecosysterm(Smith et al., 1999;
Withers and Jarvie, 2008Ulktimately, the degree of environmental degradation caused Wgtede
sediment concentrations is highly variable and known to be a function of sediment concentration,
chemical composition, particle size, duration of exposure, species sensitivity and the seasonaltiming of
enrichment(Bilotta and Brazier, 2008; Bilottat al., 2012)

Alongside ecological concerns there are also economic impacts to consider, with high rates of
sedimentation reducing navigabiity, enhancing flood risk, increasing dredging requirements,
increasing water treatment costs and reducing #tariés of dams and reservdi@wens et al., 2010;
Posthumus et al., 2015; Pretty et al., 20@3)nsequently, nder national and international legislation,
such as the US Clean Water Act (1972) and the EU Water Framework Directive (2000/60/EC),
governmerg have albligation to ensure that wabedies achieve good ecological and chemical status.
Some legislation, such as the EU Freshwater Fisheries Directive (78/659/EEC; 2006/44/EC), set a
guideline standardof 25 mg L! of sedimentin waters suitable fosalmonid and cyprinid fish
populations during normal flow conditions. Unfortunately, many fluvial systems across Europe are at
risk of faiing to achievehis recommended standard in water qualty due to excessively high sediment
ingress from the erodingetrestrial environmen(EuropeanEnvironmentAgency, 2015) Mitigation
measures are therefore required to help reduce the amount-tb-laret sediment transfafr water

gualty is to be improved
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The River WensumUK, is one such river whichxperienes excessive sediment loading. In order to
determine the provenance of this sediment, sediment fingerprinting was e mplottezl Biackwater
Drain tibutary of the River Wensunbetween 2012 and 2015 to derive Higmporal resolution
sediment source appioriment estimates throughout the progression of 14 storm €@ouper et al.,
2015a) The results identified road vergasd arable topsoias major contributors of suspended
sediment during heavy precipitation events, whist subsurface soergesver channel banks and
agricultural field drains) dominade sediment supply under baseflow conditionsurthermore,
catchment walkover surveys revealed soil from damaged road verges, field entrances and areas of
concrete hardstanding is washed dawetaled roads during rainfall events and into roadside ditches
where it discharges directly into the river at sediment concentrations of up to 1,500 (@goper et

al., 2015a) Other studies in the UK have reported similar findings on the impact of metaded
networks(Colins et al., 2010; Collins et al., 2013)

In order to tackle theroblem, in October 2016 three constructed wetlands (also known as sediment
traps, swales or setting pondsgreinstalled near a road bridge crossing the Blackwater Dtain
capturesedimerdladen road runoff before it enters the rivethannel Constructed wetlands are
structural mitigation measures designed to intercept surface runoff by diverting the flow into a static
body of water which has insufficient kinetic energkéep the sediment in the runoff entraifi€edlec

etal., 2000; Ockenden et al., 201Phe sediment thus settles to the bottom of the wetland from where

it can later be dredged out and put back on the land, whilst the cleaner, lower turbidity watisecan

be discharged off the surface of the wetland into a neighbouring watercourse (i.e. an open system) or

simply allowed to infitrate down into the soil (i.e. a closed system).

Constructed wetlands are generally considered to be a secondary mitigaisare to capture eroded
soil after primary mitigation measures, such as cover ¢fopsper et al., 2017; Dabney et al., 2001)
and reduced tilagg€Deasy et al., 2009; Deasy et al., 2010; Stevens et al.,,2G08) failed to retain
the soil on the landvegetated constructed wetlands also act as biofiters as plants remove riiifpgen
and phosphoruéP) from the water column and thereby help to mitigate eutrophicatior{Bistskerud

et al., 2005; Diaz et al., 2012; Fisher and Acreman, 2084lst they can also provide other ecosystem
services such as habitat provision and flood alleviafi@erhoeven et al., 2006)There have been
numerous studies on-off hel d & f-fainetliddda hceoenss (Baflecoteeddg ew e
and Quinn, 2012;Dabney et al., 2006; Ockenden et al., 20M}h sediment removalretention
efficiencies of 3880% (Braskerud, 2001)54-85% (Fiener et al., 2005nd 3196% (Diaz et al., 2012)
being reported. Furthermore, a review of constructed wetlands reportedeasecigentP andN
retention rates in agricultural catchments of 69%, 35% and 29%, respe(Si@lgns and Quinton,
2009)
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However, despite this previous research, a pau

wetlands means the efficacytbese pollution mitigation measures is poorly understood, with limited
evidence available to demonstrate quantitatively that these features can significantly improve
downstream river water qualty. The aim of this study was to assess the effectivetiesshoée
roadside constructed wetlands on the Blackwater Drain at reducing sediment enrichment during the first

16 months of operation. Specifically, we address the following objectives:

() To quantify the downstream impact of the constructed wetlands ygen turbidity and
sediment loads within the Blackwater Drain;

(i) To determine areal sediment and nutrient accumulation rates within the wetlands after 12
months of operation;

(i) To evaluate the economic performance of the wetlands through -beredit anaglsis to
determine the feasibiity of wider deployment as a catchiipesed pollution mitigation

measure.

2. Material and Methods
2.1 Study Location

The River Wensunis a 78 km lengthlowland calcareous rivein eastern Englanevhich drains an
area 0660 knt andhas a mean annual discharge of £%tmear its outle{CEH, 2017) The Wensum

is designated &ite of Special Scientific Interest (SS@NdEuropean Special Area of Conservation
(SAC) due to the diversity of its internationally importaatcareoudlora and invertebrate fauri&ear

et al., 2006) However, the ecological condition of theer is in decline, with 99.4% of the protected
habttat considered to be in an unfavourableetedbratingstate due, primarily, to excessive sediment
and nutrient loadings from agriculture and sewage treatment Wvkss, 2012; Grieve et al., 2002;
Sear et al., 2006)

This study focuses upothe 19.7 krh Blackwater Drainsubcatchment of the Wensum, which
represents the area intensivetgonitored as @rt of the UK governmerfunded River Wensum
Demonstration Test Catchment{D) research platformrHjgure 1). The DTC is evaluating the extent
to which onfarm mitigation measures can castectively reduce the impact of agricultural pollution
on river ecology whilst maintaining food production capadtgGonigle etal., 2014)The Blackwater
Drain at site has a mdian discharge of 049 m? s?, ranging from a minimum of 0.0023w* during
summer low flows to a maximum of 0.965 gt during winter storm event3hegentle (slopes < 9)
and lowlying (~40 m above sea level) topography is ideally suitedtémsive arable agriculturghich
dominates the land use hei®@%o), alongsideothersmall areas ofmproved grasslanfl4%) mixed
woodland(11%)andrural settlement§l%). Surface soils are predominantly clagm to sandy clay

loam (0 0.5 m depth) developed onQuaternary deposits of chalky, firich boulder clays and
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glaciofluvial and glaciolacustrine sands and graf@s 20 m). The bedrock Sretaceou$Vhite Chalk

at a depthof ~20 m(Hiscock et al., 1996; Lewis, 2014)he site experiencestamperate maritime
climate, witha meanannual temperature of Z0°C and a mean annualecipitationtotal of 674 mm
(1981 201Q Met Office, 2017) During the six years of monitoringeported hereannualprecipitation
totals were 833 mm (2012), 588 mn®13), 753 mm (2094 679 mm (2015), 717 mm (2016) and 685
mm (2017) Precipitationintensities rangd from 0.8 mm H up to 53.6 mm *# during the largest

summer storm eventwith a mean intensity of 1.6 mmth

2.2Constructed WetlandDesign

For thisscheme wo roadside constructed wetland designs were trialled, both of \&bichs settling
ponds to encourage the entrained sedimensettle out of suspension and allow cleaner water to
discharge into the riveFigure 2). The first consists otwo (CW1, CW2)| a r g ehape® U
constructions da. 50 m length, 7 m wide, 2 m depth) which increasgertransit time through the
wetland dissipating kinetic energy and thirs theory initiating greater sedimentation rat@fiese U
shaped wetlands also contain two short sectioins4(81 length) at the entry point andiénd that are

1 m deeperthan the restof the wetlfred 3 m deeplo create pools for enhancing setting. The second
design (CW3) is amaller linear pat (ca. 30 m lengh, 4 m width, 1.5 m depth) which shallonest at

the side closest to the roadd1 mdeer(i.e. 2.5 m deeplong the opposite side promote enhanced
settling in thedeeper poolThe bottom of all three wetlands intercept the watblet such that they fill
with a standing body of groundwater to depths of up to 1 m in the deepest sectionaxifimgmwater
level within the wetlands is determined by the position of the outflowspighich in both the linear

and Ushaped wetlands rests water depths to ~1.5 m in the deepest sections.

Constructed wetlands CW1 and CW3 share the same catchment area, draining 23.75 ha of the road
network and neighbouring arable fields, whist CW2 drains an area of 3.79 ha, as determined from
interrogation of a 2 m resolution digital terrain modeigure 1). Collectively, the wetlands drain an

area of 27.54 ha, which represents 5% of the 538 ha river catchment area draining down to monitoring
site A. However, due to the positioning of the road stdrains, the vast majority of the runoff from

the road is first directed into the linear CW3 wetland and only enters into CW1 if the former wetland
overflows back onto the road. CW3 has therefore captured the majority of the road runoff and sediment
(c. >0%) since installation and thus the sediment accumulation rates discussed below relate solely to
CWS3, whilst CW1 monitoring is omitted at present.

Vegetation within all three wetlands was allowed to establish naturally with no planting of submergent
or energent macrophytes, although the exposed soil on the upper banks of the wetlands was seeded in

spring 2017 with a herbaceous wildflower mix to encourage polinating insects.



169  2.3Riverine Monitoring: High -resolution

170 To monitor the effectiveness of tlm®nstructed wetlandat mitigating fluvial sediment enrichment,
171  automatedhigh-resolution (30 min) YSI opticalturbidity probeswere installed within threbankside
172 monitoring stationslocated 360 nupstrean(site M) and690 m and 1300 rdownstreangsite A and
173  site E, respectivelyf thewetlands This yielded a neacontinuous record of river turbidity (NTU) for
174  aperiod of 58 months prior teetlandinstallation October 2011 August 201% and 16 months after
175 installation (November 2016 February 2018 These urbidity measurements wetieen calibrated
176  againstsuspended particulate mattancentrations§PM) by ordinary least squares regressising
177  between 93 and 29%er water grab samplesreviously colected at each site under a range of-high
178  and lowflow conditions betweellay 2012 and March 201&igure S1) (Cooper et al., 2016)

179  Both the highresolution turbidityand SPMime-series were smoothed with® point (24 hour), first

180 order SavitzkyGolay fiters (Savitzky and Golay, 1964jor plottihng to remove spurious isolated
181  turbidity peaks which were present throughout much of the turbidity record. This random high
182 frequency Onoiseb6 in turbidity datasets has
183  (Nauvratil et al., 201; Sherriff et al., 2015and is linked to the temporary biofouling of the turbidity

184  probeanddebris interference around the sensor by leaves and air bubbles.

185 SPM loads were calculated from estimated SPM concentrations usingdistatggrge rating curves
186  constructed from manual flogauging measurements made under a wide range of flow conditions
187  (0.00271 0.543 ni s') at eachmonitoring site Figure S2). Calculated prcentage changén sediment

188  and flow dynamics for downstream sites A and Ereperted &er subtraction of the percentage change
189  recorded at thapstream site Mhus accounting for the inherent background variabilty withinitiee

190  system.

191 At the site E monitoring station, 3@in resolution measurements were also made of total phosphorus
192 (HachLange Sigmatax SC combined with Phosphax Sigmd)nitrateN (Hach Lange Nitratax SC
193  optical probe) concentrations.

194  2.4Wetland Monitoring: Low -resolution

195  After wetland construction, atersamples were collected from the outflows of C\W2 (15) amn CW3

196 (n = 15) at approximately weekly intervals between November 2016 and March 2017 in 1 L
197  polypropylene bottles. These were supplemented with water samples collected from river monitoring
198 sites M 6= 24), A (0 = 21) and Erf = 21) during the same timgeriod. In addiion to this post

199 installation sampling, weeklio-monthly sampling was also conducted at sitesnM (25), A fi =

200 183) and Erf=183) in the 5 years (October 201August 2016) prior to wetland installation to provide

201  background measuremts. All water amples were returned to the laboratory in cool boxes and

202  analysed withid8 hours SPM concentrations were determined gravimetrically after fitrakioough

6



203 preweighed04 5 fiters andoven died at 105°C for 2 h Total phosphorus (TP) concentrations
204  were determinedolorimetrically (molybdate) using a Skalar SAN++ continuous flow anaiygbran

205 accur acy tldirateq{dQ-N) goncéntrations were determined by ion chromatography using
206 a Dionex ICS2000 wih an accuracy of <0.2 mgL

207 In addition to the water samplin§00 mL sediment samples were collectediroximatelymonthly
208 intervals betweeMarchand September 2017 frdmoththe inlet and outlet c€W2 (n = 16) andCW3
209 (n=16) as well as from imediately upstrearfn = 8) and downstrearfn = 8) of the wetlandswithin
210  the river channel itselfOn return to the laboratosamples wer@vendried at 60C for 24 h, lightly
211  disaggregated witla pestle and mortar and selvtol.7 mm. TP and total nitrogen (TN) were then
212 extracted from the sediments following tmethods ofAspila et al. (1976)andWheatley et af1989),
213 respectively, prior to analysis of the extract witBkalar SAN++ continuous flow analyder TP and
214  aDionex ICS2000 for TN.Organic carbon contents were determifedtwo sedimentsize fractions
215 (<2 mm and <63m) via lossortignition (LOI) at 450C for 8 h, with orgnic carbon (OC) takento be
216 58% of theLOI (Broadbent, 1953)Lastly, a 1g aliquot of eachedimentsample was analysed in a

217  Malvern Mastersizer 2000 particle size analysatetermine the grain size distribution

218  2.5Wetland Accumulation Rates

219 The sediment accumulation rate for CW3 was deriveNawrember 201,712 months aftewetland

220 installation. Wet sedimentolume (m®) was calculated by dividing the length of tvetlandinto 10

221  crosssections at 3 m intervals and then dividingese into five subsectiondy making four equally

222  spaced measuremersross each of the Hdosssections (i.e. 40 measuring points in total). At each

223 point, sediment depth was measured using a metre rule and the average depth of sediment between
224  measuring points was used as the depth of sediment for that subsection. The sum of all subsections gave
225 thetotd volume of wet sediment accumulated in the first 12 moothgperation The dry mass of

226  sedimentwas then calculated by collecting 500 mLwa#t sediment from the centre of each of the ten

227  crosssectionsandweighing to establish the wet sediment densithese amples were dried at 10D

228  for 24 hand reweighetb calculate th@ercentage moisture content afgl massf sediment. This dry

229 sediment mass was then multiplied by the mean concentrations of TP, TN and OC within the sediment

230 to determine the nss of phosphorus, nitrogen and organic carbon retained.

231 2.6 Sediment Fingerprinting

232 To assess whethastaling constructed wetlandsad reducethe contribution of road runefierived
233 material tooverall fluvial sediment loadhe sediment fingerprinting procedure describe@aoper et
234 al. (2015a)was rerun in 2017To summarise, thregotential sediment source areas were identified
235 acrosgheb.4 knt section of the Blackwater sutatchmentraining down to monitoring site Below
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the wetlandsThese were eroding arable topsdémaged road verges and a combined v@mnel
bankandagricultural field draitb s u b s u r f & dachsauncea acd®,soil/sediment samples
were collected, wet sieved to <63 um to extraet fine claysitt fraction and transferred onto quartz
fibre fiter papersFor the target riverine sediment, an automatic ISCO water saffipledyne ISCO,
Lincoln, NE)located at the site A monitoring station was programmed to caléct river water
sample everg0 90 min for 24 36 h during four heavy precipitation events (>10 mm rainfall) between
December 2016 and May 201¥he samples were then vacuum fitered onto quartz fibre fiter papers
to extract the SPMBoth source and targélter papers vere then analysed by-béay fluorescence
spectroscopy (XRFS) to determine the geochemistry (wt. %) following the methodopkr et al.
(2014b) In total, concentrations of eight major elements (Al, Ca, Ce, Fe, K, Mg,TiNavere
determined and selected as fingerprints for use in the mixing model. Prior to running the model, the
geometry of the sourageochemistry mixing space was examined via a principal component analysis
to ensure efficient differentiation. The sedirndéingerprinting mixing modelusedwasthe empirical
Bayesversion presented iBooper et al(2014a) The model is solved as a mass balance, whereby the
concentration of each fingerprint in the target riverine sediméris (©btained from the concentiati

of each fingerprint in each potential sediment source &eadtiplied by the proportional sediment
contribution P) derived from that source. This canbe summarised by the following likelihood function:
1) , "Wshd

2.7 Economic Damage Costs

To provide an economibasis for implementingsediment and nutriergollution mitigation measures
across river catchmer(es.g. Pretty et al., 2000; Pretty etal., 20@8) economic estimation of pollution
damage costs was calculatedviatland CW3Thetotal dry masses of sediment? &nd TNcaptured

in CW3 during the first 12 months of operation were translated into economic damage costs by
multiplying by the 2014 pollutant prices set by the UK government (DEFRA). These pollutant prices
account foremediating the ecological impacts of the pollutants.d tackling eutrophicatiorirom N

and B, making water drinkablee(g.costfor water companies to remove Bnd the cost of keeping
rivers navigable €.g.dredging costs to remove excess sedim@&hg.llutant prices used were £0.054

kg! (range = £0.047 0.061kg?) for sediment, £12.79 Kg(range = £2.77 22.66 kg') for TP and

£0.43 kg' (range = £0.24 0.62 kg') for TN, as per the DTC proje¢WcGonigle et al., 2014)

3. Results and Discussion

3.1 Riverine Impacts

Riverine SPM concentrations recorded at site M (upstream) and sites A and E (downstream) displayed
considerable variability over the six year monitoring period, with concentrations ranging from <1 mg
Ltupto 771 mg &t across all sits, whilst turbidity ranged from 0.9 to 451 NTEIqure 3). However,

8
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the nonitoring results reveal a complex pictufewetlandperformance due largely to the dry conditions
experiencedpostinstallation duringwinter (74% of average rainfall) argpring (89% of average

rainfall) 2017 when the river almost dried up at sites M and A (discharge =<L L s

Median SPM concentrations at site M were significanfly< (0.01) higher after wetland installation

(12.4 mg L) than before (9.8 mg1), with this 8.2% increase thought to be driven by the very low

flow conditions during spring/summer 2017 which concentrated the particulate material being
transported Table 1). Consequently, significantlyp(< 0.01) higher SPM concentrations were also
recorded downstam at sites A (pre =12.1 md;Lpost = 13.6 mg t) and E (pre = 6.4 mg%, post =

7.9 mg L') postwetland installation, which would initially suggest poor sediment mitigation
performance of the wetlands. Hbweivrear,eas ¢ erecor
M, concentrations actuallgignificantly @ < 0.05) decreased by 13.9% and 4.1% at sites A and E,
respectively, after the wetlands were constructed. Even larger decreases in SPM load of 81.5% and
78.4%(p < 0.05)were observepostinstallation atsites A and E, respectively, although this was largely
driven by 55.9% and 51.3% declines in river discharge during the Novembei Zed§uary 2018

period. Overal, sediment concentrations exceeded the 25'nggidleline value 11%ral 9% of the

time at sites A and E, respectively, after wetland installation, compared to 9% and 5% previously, thus
there was no improvement in water quality with regard to meeting WFD directive targets during the

first 16 months of operation.

In contrasto previous studies (e.gisher and Acreman, 2004nedianTP concentrations downstream

at site E also changed very little following the installation of the wetleh8%), afthough TP loads
were reduced by 50% due to the lower flow conditions. Conlyersedian NQ-N concentrations
actually increased significantlip < 0.05)by 14.5% downstream of the wetlands, although without the
benefit of nitrate monitoring upstream of the wetlands it is difficult to determine whether this increase
was due to thampact of nutrient release from the wetland or elevated N inputs from elsewhere in the

catchment.

3.2 Sediment Source Apportionment

Sediment fingerprintingconductedafter wetlandnstallation revealed an overall decrease in sediment
contributions from roadergesn the Blackwater Draimlownstream of thevetlands thus confirming

these mitigation features weseiccessfullycapturingand retaining road runoff materialdble 2).

During the 14 storm events monitored prior to wetland installation (202@15) mean sediment
contributions were 25.7% from road verges, 49.1% from subsurface areas and 23.2% from arable
topsoil. During thefour storm events monitored pesstallation, mean road verge contributions
reduced to 9.6%, with a further 53.3% from sulstefareas and 24.3% from topsoil. This represents

a 16.1% reduction in road verge material entering the river since the wetlands were constructed, albeit
within a wide range of uncertaint@3% credible interval 9.07 60.4%) Such wide uncertainty is

9
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typical of sediment fingerprinting studiesing this type of Bayesian engnember mixing models

(Cooper and Krueger, 2017

3.3 Wetland Pollutant Discharge

Sediment and nutrient concentrations discharging from the wetlands are shegurén4, alongside

the lowresolution grab sampling results for the three river sites. Median SPM discharge concentrations
were higher from the linear CW3 (7.2 mg)lthan the Ushaped CW2 (3.9 mg1) wetland, supporting

the hypothesis that the longer flow path of thestedped design increases sediment settling rates,
although this difference was not significamt=0.269). Sediment concentrations discharging from the
inear wetland were also greater than the median concentrations observed instream at sites M (2.2 mg
L) and A (4.7 mg £), indicating that CW3 was acting to increase sediment concentrations within the
river, albeit below the EU WFD standard.

With respect to nutrients, median TP concentrations were significgntly0(01) higher in the linear
wetland dischk r ge t)thdnthe Ustha pe d we t!) amdwekre @ 1lin®es hégheL than the

TP concentrations observed in the riveri®2 -¥. THis indicates that CW3 was acting as a net
source of TP into the Blackwater Drain, supporting the findings efiquis studies which have also
reported increases indkport from wetlands due to the decomposition of biological maigitiaih the
wetland itself(Diaz et al., 2012; Johannesson etal., 2004 is a particular problenvhere vegetation
management igot conductednd where algal blooms can occur readily, as was the case with CW3,
leading to an accumulation of organic matter and nutrients within the wetland. Additionally, P bound
to the sediment deposited within the wetland can dissolve into theyiogewater column and be

discharged into the river channel rather than being captured and retained.

On the other hand, median nitrate concentrations were lower in the wetland discharg&sl(hgN

L1 than in the neighbouring river (6i07.2 mgN L), thus confirming that the wetlands were not
acting as a source of N enrichment and emphasising that most nitrate input into the catchment is via
fertiiser leaching/runoff from arable fields rather than from the road network. Denitrification could also
be occurring within the wetlands to reduce nitrate concentrations, principaly where anoxic conditions

develop within the deposited sediment.

3.4 Wetland Pollutant Retention

After thefirst 12 months of operation (November 2018lovember 2017), wetlandW3 hadretained
7,253 kg of sedimentl1.6 kg of TP, 29.7 kg of TMNnd400 kg of organic carbofTable 3). For a
catchment area of 23.75 ha, this equates to retention rates of 305kgfbasediment, 0.5 kg hay
for TP, 1.3 kg hd y* for TN and 17 kg h&dy* for organic carbon. This compares with accumulation
rates of 40800 kg ha y* for sediment, 0.006 3 kg haty* for TP, 0.02" 7 kg haty*for TN and 0.1
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338 1 100 kg ha y* for total carbon, reported previously for edyfefield wetlands in the UKOckenden
339 etal, 2012; Ockenden et al., 2014)

340 The meamarticle size of the retained sediment decreased across the length of the wetlands, with coarser

31 sand and silt being deposit at tehme) vaentdl afnidn eirnlse
32 clay near the outlets ( e 55 This 9denonstrates th@tWaBger= 3 15
343  particulates readily dropped out of suspension upon entry into the wetland. The finer particle size at the

344  outlet of CW2 relative to CW3 ctalipotentially be explained by the longer flow path of thehaped

345 wetland allowing increased time for sediment settling. However, the particle size at the wetland inflow

346  was also substantially lower in CW2 and this is likely to have been the dominaehdsf on outlet

347  particle size here, with visual observations indicating that a greater volume of coarser sandy material

348  was moving northwards down the road network and entering CW3. For both CW2 and CW3, the mean

349  particle size near the wetland outlet vgasaller than the mean particle size in the river just downstream

350 (447 em) and t Hooasnetlsaurcehof fimeosedinat theeoutlat locatiorshould this

351  material be entrained out of the wetlands and into the river during storm event flushing

352  Significant f < 0.01) nodinear negative correlations were found between the mean particle size and
353  both the TP concentration£ -0.706) and organic carbon content¢0.695) of the river and retained

354  wetland sediments. This association, which has also been reported els@dhemden et al., 2014)

355 indicates that the finer sit and clay deposited near the wetland outlets is more nutrient rich due to the
356  sorption ofP onto metal oxyhydroxide@ooper et al., 2015k@nd thus this sediment has increased risk

357  of generating eutrophic conditions. The higher organic carbon content means this finer material also
358  carries greater risk of causing enhanced microbial decoropoletiding to elevated biological oxygen

359 demand and the development of anoxic conditions within the wetland.

360 3.5 Wetland Maintenance

361  The flushing of stored sediment from the wetlands into the river channel during heavy precipitation
362 events will uttimatelylimit their efficacy as a pollution mitigation featui@arber and Quinn, 2012)

363 To overcome thisretained sediment wil need to be periodically dredged out of the wetlands and
364  redistributed on the neighbouring arable land. The frequency at which tmsenaaice needs to be

365 carried out wil depend upon the rate of sediment accumulation, which in part wil be dependent upon
366 wetland size, with larger features requiring less frequent dredging. The Broads Authority have estimated
367 average dredging costs of £12 m? for watercourses in eastern England (Environment Agency, 2015)
368 and thus whilst the smaller, linear CW3 wetland had lower design and construction costs than the two
369 larger Ushaped ponds, this wil Hpart be offset by higher maintenance costs mxlrfrom more

370 frequent dredging. To date, no dredging has been carried out in any of the three wetlands, but it is
371  envisaged that CW3, which has the largest catchment area and smallest wetland volume, will require
372  sediment removal withini3 years of opet@n based on current accumulation rates of 12.1%'m
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373  Dredging this sediment would thus incur maintenance costs of approximaidlyi 182 y.
374  Additionally, it is expected thathe performanceof sediment and nutrient retentiovill be further
375 improved once vegetation establishes itself within thetlands The vegetation wilabsorb nutrients
376 andact to stabilise the currently exposed banks ofntbdands thus reducing the risk of erosi@nd
377 wil also increase resistance to water flow, thiaslucing kinetic energy and promoting increased
378 sedimentatior(Braskerud, 2001)

379 3.6 Economic Performance

380 Using theUK governmerh 2014 pollutant priceshe damage costaitigated by pollutantretention
381  within CW3 during the first 12 months of operatimere £392range = £340 442)for sediment£148
382 (range = £33 263) for TP and £13 (range = E718) for TN (Table 3). This givesa combinedtotal
383  mitigated damage cogbr CW3 of £553 (range = £380724) per year. With CW3 costirf,411 to
384 install (E1,400 for design; £2,011 for constructi@r)d having annual maintenance cost&lefbi 182
385 this mitigated damage cost means an estimated payback tbrielgfyears with a best estimate &f
386 years This makes the linear wetland an affordable and-effsctive pollution mitigation measure for
387 sediment and nutrients running off metalled roads.

388  The other two Wshaped wetlands had higher design (£2,800 per wetland) and construction (£4,034 per
389  wetland) costs due to the more complex engineering aref lasgavation, potentially making them a

390 less affordable option for wider catchmesctale deployment. However, calculation of pollutant

391 retention in CW1 and CW2would need to be conducted before it is possible to make an assessment of
392 the costeffectivenes of these tshaped wetlands and their potential scalabilty across catchments. As
393  aguide, Ockenden et #2012) reported general construction costs of £283,100 for wetlands with

394  areas of between 5 and 326. m

395 4. Conclusions

396 This study provides thérst quantitative evidence of the effectiveness of constructed wetlands at
397 mitigating fluvial sediment enrichment from road runoff in the UK. The results presented here
398 demonstrate that diverting surface runoff from metalled roads into roadside wedanu®eent large

399 volumes of sediment, nutrients and organic matter from entering the river network and thus can
400 minimise many of theletrimental impact®f water pollution which threaten sustainable ecosystem

401 functioning With dense road networks coveringiny developed countries, the problem of sediment

402 ladenroad runoffdischarging intaditch, streamandver channels is a widespread issue that will require

403 a catchmenbased approach. The retention performance and relative simplicity of the lineardwetlan
404 trialed herehasdemonstrated that it can provide a relatively -@gtctive solution to mitigate road

405  runoff pollution if deployed widely at many of the main reaer crossing throughout a river

406  catchment. Further researchis clearly required to determine whetherghapeld wetlands offer
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similar potentialand to assess how both types of wetland perform as aquatic vegetation and microbial
communities establish themselves over the dekt5 years. ldwever these early results offer a

promising solution to tackling sfarce runoff pollution from roads, particularly in agricultural areas.
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572 Tables

573  Table 1: Summary results from the higlsolution (30 min) water quality monitoring at sites M, A and
574  E for the period February 2013 to August 2016 {petland installation) and November 2016 to
575  February 2018 (postetland installation). Values presedigs medians with one standard deviation in
576  parentheses. Percentage changdischarge, turbidity and SPKér downstream sites A and E is
577  reported after subtraction of the percentage change at upstream site M.

Site Installation Stage Discharge Turbidity SPM SPMLoad TP TP Load Nitrate Nitrate Load
9 (Ls? (NTY) (mg LY kgh? (pg) (@h?) (mgNLY) (kgNh?)
M Pre 3.23(26.28  7.2(15.9 9.8(18.9 0.11(3.64 - -
Post 3.64 (17.32 9.3(16.4) 12.4(20.) 0.19(5.98
Change (%) +12.7 +29.2 +26.2 +72.7
A Pre 11.89(38.27  7.1(13.9 12.1(189) 0.50(7.10
Post 6.75(35.84  8.2(11.J 13.6(15.8) 0.43(7.60
Change (%) after M -55.9 -13.7 -13.9 -81.5
E Pre 56.80 (61.84  3.6(115) 6.4 (20.§ 1.04(20.96 67 (47) 14(41) 55(2.2 1.1 (2.4)
Post 34.90 (78.27 4.4 (9.9 7.9(169) 0.92(25.20 66(28) 7(21) 6.3(3.4 0.8 (3.7)
Change (%) after M -51.3 -6.9 -4.1 -78.4 -1.5 -50.0 +14.5 -27.3
578
579

580 Table 2: Sediment sourceontributions apportioned by sediment fingerprinting downstream of the
581 constructed wetlands at site A during storm events before and after wetland installation. Values
582  presented as the mearf'§rcentie and the mean 95% credible intervals in parenthdstss total of

583 all 50" percentie source contributions wil notaessarily sum to 100% due to skewed posterior
584  distributions

n storm n Source contribution (%)
events samples Subsurface Road verge Topsoil
Preinstallation 14 254 49.1 (30.07 68.9) 25.7 (9.11 50.1) 23.2 (5.91 47.4)
Postinstallation 4 66 53.3 (34.91 80.5) 9.6 (0.01 60.4) 24.3 (0.01 59.8)
585
586

587  Table 3:Wetland CW3 retention rates and economic damage costs for the first 12 months of operation
588 (November 2016 Nove mber 2017) . Values in parentheses r
589 prices assigned by the UK government.

Parameter Retention Retention rate Pollutant price  Mitigated damage cos{£)
(kg) (kg ha' y) (Ekgh)

Sediment 7,253 305 0.054(0.0477 0.061) 391.66 (340.891 442.43)

Total phosphorus 11.6 0.5 12.79(2.771 22.66) 148.36 (32.13 1 262.86)

Total nitrogen 29.7 13 0.43 (0.247 0.62) 12.77 (7.13i 18.41)

Organic carbon 400 17 - -

Total mitigated damage cost 55279 (380.151 723.73)

Cost of wetland CW3 3411

Annual maintenance cost 1457 182

Payback time 51 17 years

590
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593  Figure 1: Location of the roadside constructed wetlands and their catchment areas within the
594  Blackwater Drain sulcatchment of the River Wensum, Norfolk, UK.
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598

599  Figure 2: Aeriakdrone photograph looking nortast of the three roadside constructed wetlands
600 captured in February 2017. Black stars and circles denote the inlet and outlet pipes for the wetlands,
601  respectively. For location see Figure 1.
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604  Figure 3: Suspended particulate matter (SPM) concentrations and river discharge recordednat 30
605  resolution at monitoring sites M, A and E between October 2011 and August 201&véiesnd
606 installation) and November 2016 and February 2018 {pesiand installation).

19



607

608
609
610
611

612

613

614
615
616
617

618

12 10
SPM 100 4 Phosphorus Nitrate
10
- 80 —
S g 2
=] 60
E 61 2 g
= a =
&, - 40 )
2 - 20
0 0
gg=<v gg==u gg=<w gg=<uy gg==w gzg=<u
00 O 0 00 O 0 O 0 00
Pre Post Pre Post Pre Post

Figure 4: Median sediment, phosphorus and nitrate concentrations recorded at the wetland outf
and within the Blackwater Drain before (October 201August 2016) and after (November 2016

March 2018) wetland installation. Error bars represent one standard error; figures on bars represent the
number of samples.
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Figure 5: (left) average partie size distribution of sediment colected monthly between June and
September 2017 from the wetland inlets, wetland outlets and the river upstream and downstream of the
wetlands; ¢entre relationship between sediment particle size and sediment TP cetioantfight)

relationship between sediment particle size and sediment organic carbon content.
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