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Abstract and keywords

Strategies for sustainable water resources management require integration of hydrological, ecological and socio-
economicconcerns. The “Water forall” project has soughtto develop a multi-disciplinary science case forinnovative
management of water levels and flows in a lowland catchment in Scotland. Water demands of arable agriculture,
protection fromflood risk and conservation needs of lowland mesotrophicwetlands needed to be considered. Water
management strategy focused on the outlet zone of Balgavies lake in Eastern Scotland, where the Lunan Water
dischargesinto a partially confined common channel (lade) Water releases to a mill, tothe downstreamriver, and to
floodplainwetlands (Chapel Mires) are partially controlled by an existing weir. Based on observationsof management
of thisweir, we postulated that upgrading hydraulicmanagementin this zone could reduce upstream flood risk, help
protect mesotrophicwetlands and facilitate downstream water supply at low flows. We considered potential for: (a)
installingaremotely operated tilting weir, forimproved management of release and routing of flows fromthe common
lade; (b) dredging of the common lade in combination orinstead of the tilting weir. Rapid ecological assessment and
mixing analysis of the Lunan Water with waters in Chapel Mires showed a gradient of trophic status across the
wetlands linked to impact of river-borne nutrients. Stage-discharge relationships, derived from steady-state
approximations of the in-channel hydraulics, showed that the proposed tilting weir had potential to divert seasonal
nutrient rich water from the upstream Lake away from Chapel Mires. Significant impact of the proposed weir on
upstream flood risk was not demonstrated, but carrying out dredging of the channel reduced the current observed
probability of upstream flooding. The proposed weir could help to maintain these dredging benefits. Survey and
interviews with catchment stakeholders and residents showed constructive interest in the scheme, with half of the
respondents willing to pay to support its implementation. The survey also revealed concerns about the proposed
project, especially its long-term governance. The lessons learned have wider relevance to development of an
integrated approach to waterecosystem services provision, especially where benefits are uncertain and thinlyspread
across a range of users.

Keywords: nutrient enrichment; catchment management; hydraulic modelling; socio-economicassessment; eco-
hydrology

1. Introduction
Integrated catchment management needs prior characterisation of aquatic ecosystem function (e.g. Covino, 2017;
Binoet al., 2015) and associated services and values (Turneretal., 2000; Gilvearetal., 2013; Lamers etal., 2015).
Understanding historicchange is needed to provide baselines (Ncube etal., 2018), while uncertainty in governance
as well as hydrology should be recognised (Rouillard et al., 2013; Hollermann and Evers, 2017) . Demands for water
ecosystemservices need to be identified and balanced (e.g. Guan et al., 2016; Xiaet al., 2016; Kingsford, 2000;
Acremanetal., 2009). Animportantresearch questionis how tointegrate multi-disciplinary assessment of water
managementoptions (e.g. Brouwerandvan Ek, 2004). Integrated assessmentis notbased on fixed disciplinary
boundaries, but on boundaries defined by specificcatchmentissues (Rotmans, 1996, quoted in Brouweretal.,
2004). To explore integrated assessment, specific case studies are valuable. This paper considers the potential for



use of adjustable hydrauliccontrols for managing flood risk, wetland hydro-ecology and low flows inthe Lunan
Water, a lowland agricultural catchmentin Eastern Scotland. Analysis focusesona ‘pinch-point’inthe hydrology at
the outlet zone of Balgavies lake (Figure 1). Stakeholders in the upper catchment (above the outlet of Balgavies lake)
are affected by flooding leadingto pressure forimproved flood controls in the form of channel dredging or modified
hydraulicmanagementinthiszone (Figure 2). The lake anda downstream tributary, the Balgavies Burn, discharge
into a partially confined common lade feeding a restored water mill controlled by an existing weir which partitions
waterbetween amill lade, floodplain wetlands and return flow to the Lunan Water. Nutrientandsedimentin
discharge from the lake display strong seasonal variation. Part of this discharge spillsinto afloodplain wetland
(Chapel Mires) whichis botanically rich but vulnerable to eutrophication, as are many lateral floodplain wetlands
(Acremanetal., 2007; Kearney, Riterand Turner, 2011; Turner, Bodkerand Schulz, 2018). Downstream, theriveris
at risk of low flows which can restrict availability of waterforirrigationin summerand cause damage to riverecology
(Vinten, 2017).

Thereisongoing debate asto how to achieve multiple objectives in water management withoutincurring
disproportionate costs (Bizzi et al., 2012; Turneret al., 2000; Vintenetal., 2012). Passive approaches, such as Natural
Flood Management (e.g. Wilkinson et al., 2014; O’Connell, Ewen, O’Donnell and Quinn, 2007; Fliervoet, vanden
Born, and Meijerink, 2017;) are gaining acceptance. However, where full restoration of natural processesis hard to
achieve, such asin intensive lowland agricultural catchments (Meert etal., 2016), small, adjustable hydraulic
structures, e.g. tilting weirs (Aquatic Control Engineering, 2004) may be beneficial. These can provide waterlevel,
flow and diversion control, at relatively low cost, giving potential for adaptive water management. Forexample,
hydrauliccontrols are a crucial aspect of flood defence (http://www.ecsengineeringservices.com/new-tilting-weir-
helps-somerset-flood-defences/), wintering geese conservation (Guan et al., 2016), and ecological management of
shallow lakes (Coops and Hosper, 2002). The economic benefits of such management may be quantifiable (e .g. Bizzi
et al., 2012), facilitatingintroduction of Payments for Ecosystem Services (PES) approachesto delivery of integrated
water managementto offset costs (Muradian, Corbera, Pascual, Kosoy and May, 2010; Martin-Ortega, Ojeaand
Roux, 2013). In developinganintegrated approach to water managementassessmentinthe Lunan Water
catchment, we aimed to develop a case for such a scheme.

Firststepsinthisintegrated assessment comprised four main components:

1. Hydrological analysis focused on deriving steady-state stage-discharge relationships forin-channelflow, in
connection to standing waters, as a function of: (a) existing or proposed management of hydraulicstructures
and (b) dredging. This used waterlevel monitoring and survey dataand a hydraulicmodelling tool
(HECRAS,2016). It allowed estimation of upstream waterlevels and partitioning of flows.

2. Ecological assessment of Chapel Mires wetland using the UK National Vegetation Classification scheme
(Rodwell, 1995).

3. Mixingbehaviourof waterfromthe river with othersources contributing to the wetlands, using End
Member Mixing Analysis (Hooper, 2016).

4. Governance and stakeholderanalysis. This focused on willingness to pay (WTP) for a tiltingweiroption, and
interviews discussing the uncertainties and governance gaps that mightimpede implementation.

5. Assessment of risk to ecological status of the river and abstraction limitations caused by low flows. Aweirat
the Lake outlet could facilitate retention of waterin early summerin the Lakes, providing waterfor
abstraction and maintain low flows. This element was considered in detail in Vinten et al. (2017).

2. Materials and Methods

Studyregion
The Lunan Water (Figure 1) drains a mixed arable catchment of 134 km? in Angus, Eastern Scotland, UK (Dunnetal.,
2014). Mean annual precipitation is 755 mm and mean annual temperature is 8.1 °C (1981-2010). Maximum
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elevationis 250 m a.s.l. (above sealevel) at Turin Hill descending to a broad valley, bounded by steeply sloping fields.
Much of the catchmentarea is underlain by groundwater bodies in Devonian Sandstone. The superficial glacial sands
and gravels which borderthe river channel network are highly productive aq uifers. Alluvium underlies the two lakes
inthe uppercatchment, Rescobie and Balgavies lakes (O Dochartaigh, Macdonald, Fitzsimons and Ward, 2015), with
theirsurrounding wetlands. The Lunan Water shows a high inter-annual discharge variability for both floods and dry
periods. Mean flow (1981-2016) was 1.73 m3/s, Qs=6.04 m*/sand Qy5=0.20 m3/s (NERC, 2018). The values of Qgg,
Qus, Qs, and Q; (discharge exceeded on 99 %, 95 %, 5% and 1 % of the days, respectively) forthe part of the
catchment upstream of Balgavies lake outlet (area, A=23.7km?) were estimated by scalingto be 0.03, 0.04, 1.15 and
2.34 m3/s respectively. Bothlakesfail the Water Framework Directive (WFD) standard forannual mean total
phosphorus (P) and chlorophylla, but have improvedinrecentyears due toimproved diffuse pollution management,
reduced livestock numbers and sewage treatment. They show significant peaks in total and soluble P concentrations
inlate summer/autumn due to release from anaerobic sediments as reflected by seasonally high loads of P from
Balgavies lake into the Lunan Water (Grieve and Gilvear, 1994). For example, Balgavies lake outflow had amean
soluble P concentration of 89444 pg/Lin October compared with 1149 pg/L in March during 2011-2018. Nitrogen (N)
loads from the lake are mitigated due to denitrification, but Balgavies Burn, which runsinto the Lunan Water just
downstream of the Lake, has high N loads in winter. Forexample, Balgavies Burn had a mean nitrate-N
concentration of 8.0+2.5 mg/Lin December, butonly 5.6+1.3 mg/L in August during 2011-2018. High sedimentloads
occur in late autumn because of erosion from arable farmland, especially after potato harvest (Vinten et al., 2013).

The Lunan Water has several morphological alterations associated with functionaland derelict water mills on the
river. (EnviroCentre, 2014). These include the hydraulicstructures downstream of Balgavies lake (Figure 2), designed
to bring waterto the water mill at Milldens (Easting: 354788 Northing: 750442, UTM co-ordinate system, grid zone
30V). Figure 2 also shows possible sitings for a proposed tilting weir to actively manage flows. A detailed description
of thissystemis providedin Supporting Information 1and 2.

Chapel Mires, the floodplain wetlands downstream of Balgavies lake (Figure 2) shows a complex mosaicof open
water, willow scrub and sedge-dominated fen vegetation. These include, using the UK National Vegetation
Classification (Rodwell, 1995), classes M9 ( Carex rostrata-Calliergonmire), M27 ( Filipendula ulmaria-Angelica
sylvetrismire), S28 ( Phalarisswamp), S9 ( Carex rostrataswamp) and S27a ( Carex rostrata—Equisetum fluviatile sub-
community ) occupying the lower lying areas. Several of the wetland species present such as Bogbean (Menyanthes
trifoliatel.), Bladderwort ( Utricularia australis aggR.Br.), the nationally scarce Cowbane ( Cicuta virosal.) and Tufted
Loosestrife (Lysimachia thyrsifloral.)only occurin shallow waterand vulnerable to changesin water quality and
levels (Holaday etal., 2015; Jinget al., 2017).

Hydrological assessment

Modelling oflake levels and outflow

The daily change in water level in Balgavies lake depends on the daily inflow into the lake, the previous day’s water
level and the stage-discharge relationship describing outflow from the lake as a function of waterlevel and position
of weirgatesinthe lade downstream. Lake inflowwas obtained by scaling up the inflow from Balgavies Burn to the
lake catchmentarea:

H® = H " +((QeALc/Asc) -Qo) /AL (1)
H.®, H®Y = Water level inthe lake on dayt, t-1 (m above sealevel)
Qg = daily discharge of Balgavies Burn (m3/d)

A c=total catchmentarea of Balgavies lake outlet (23.7x 10° m?)

Agc = catchmentarea of Balgavies Burn (4.40 x 10° m?)



A =Areaof open water and wetlands which contributes to water level change observations on Balgavies lake
(taken as 1.86 x 105 m?).

Q, = discharge from Balgavies lake, derived from a stage-discharge curve, Q,=f(H,) (m3/d).

Measurementofwater levels and flows

Maximum, minimum and current water levels for Balgavies lake were measured fortnightly using waterlevel
maximum/minimum recorders (Bragg et al., 1994) during 2003-2014 by Scottish Wildlife Trust (A.Houghton, pers.
comm., 2014).High resolution water level recorders (Frog Systems and Van Walt) were installed from April 2014 at
three pointsinthe lake system: Balgavies lake, Rescobie Lake and the common lade upstream of Milldens weir
(Figures 1and 2). Water levels wererecorded at 15 minute intervals and referenced to British National Grid Datum
(J. Compton, pers.comm. 2010). Precipitation at Mains of Balgavies and discharge of the Balgavies Burn have been
monitored since 2006 (Dunn et al., 2014).

To assess the response of the Chapel Mires wetlands to changing lake water levels, the position and elevation of the
water margin at several key pointsin Chapel Mires were measured in May-July 2015 and againin May-June 2017
using a Leica Geosystems 1200 differential global positioning system (dGPS; elevation accuracy: + 3 cm). Water level
at the northern end of the culvertlocated between the Ponds and southern most wetland sections of Chapel Mires
(easting 353952 northing 750468) was recorded during 2017-2018 usinga diver (MMG) and associated baro-diver air
reference.

Discharge measurements onthe common lade and Chapel Mires spillway were made with the return gate openand
closed, using a propeller flowmeter (Valeport model001) on 26-27/7/2016 and 27-28/9/2016, and an acoustic
Dopplerbased Valeport flowmeter model 801on 11/7/2016 (see Vinten etal., 2017 for more details). Further
measurements were made on 30-31/10/2017 to measure flows at Chapel Mires spillway and a cross section just
downstream of this spillway. Note that it was not possible to obtain data at higher winter waterlevels because
access to Chapel Miresin winter was restricted due to recreational shooting activity Longitudinal waterlevel
measurementin summer was also restricted by the impact of leaves on signal reception for the dGPS.

Channel cross sections

Nine cross sections of the common lade were surveyed on 31/10/2017 duringlow flow conditions to provide
topographical information for hydraulicmodelling. An Impulse 200 laserrange finder (vertical accuracy: £3 cm) and
the dGPS were used to survey channel cross sections. On average, points were taken every 1 m alongeach cross
section. At each point, the dominant channel substrate orterrestrial vegetation/material type was classified to
inform calibration for Manning’s n roughness values necessary for the hydraulicmodel and waterlevelpoints were
measured to allow model calibration. Some cross-section data were collected in May/June 2015 using the dGPS.
Althoughitwassomewhat olderinformation (1977-1998), we used bed level datafrom a historical survey carried
out by a local farmer (J. Compton, pers.comm., 2010). Balgavies lake (area 59 ha, average depth 3m) has cross
sectional dimensions defined by a bathymetricsurvey of the lake (National Library of Scotland, 2006). Supporting
information 2summarisesthe cross-sectional data used for model simulations.

Hydraulic modelling and hydrological response to weir managementand dredging

For the initial hydraulicanalysis described in this paper, we assumed flow from Balgavies lake alongthe Common
Lade occurredina well-defined, confined channel with default Manning coefficient of 0.03. The Lunan Water
tributary, Balgavies Burn, also provides aninflow. A longitudinal cross section of this simplified channelis shownin
Supportinginformation 3. A key feature of this channelisa 0.9 m wide in-line weir gate (bed level59.04 m, distance
from Balgavies lake 451m) directing waterinto Milldens Lade at Milldens weir —see supportinginformation 2). This
has beenmodelledasal mlong, 0.9 m wide constrictionto flow whichisalways open. A furtherkey featureisa
culverted bridge (bed level 58.98 m a.s.l., chainage 370 m) over the channel, which hasbeenrepresented bya4 m
long, 3.5 m wide constriction.



Cross section data were used to define the bed of this channel, but forthisinitial appraisal, banksides were assumed
to be high enough not to allow lateral flow, except through three defined lateral structures modelled as rectangular
weirs:

e the existing Chapel Mires spillway (CMS - distance from Balgavies lake outlet 220m, width of rectangular
section2.7 m, bedlevel 58.9 m);

e theproposedtiltingweirlocated just upstream of the confluence of Balgavies Burn ( TiW - distance from
Balgavies lake outlet 394 m), with width of rectangular section 1.8 m and minimum level 58.6 m. Note that
without dredging, thisisthe furthest upstream thata minimum level forthe weiras low as 58.6m can be
achieved;

e The existingreturn gate to the Lunan Water at Milldens weir (RET - chainage from Balgavies lake outlet 453 m,
width of rectangularsection 0.9 m, bed level 59.04 m).

We inputted cross section and hydraulic structure datainto a hydraulicmodel (HECRAS 5.0.1, 2016). The longitudinal
profile shownin Supporting Information 3 also gives an example steady inflow of 5m3/s from the upstream Lunan
Water and 0.1m3/s from the Balgavies Burn.

Steady inflow from upstream of the lake and from Balgavies Burn were varied to generate aseries of steady-state
waterlevelsinthe Balgavies |lakeBalgavies lake and in the channel downstream, and hence generate the required
stage-discharge curves, as a function of (a) hydrauliccontrol settings of the existing weir on the common lade at
Milldens, (b) inflowto the common Lade from the Balgavies Burn tributary (Qg), (c) the proposed new tilting weir just
upstream of the confluence of Balgavies Burn, (d) dredging the Common lade channel between the outlet of
Balgavies lakeBalgavies lake and Milldens weir by 50 cm (e) dredging combined with siting the tilting weir further
upstream at the site of an old, blocked spillway at chainage 279 m, with an option to close the existing Chapel Mires
spillway.

The model was run for a series of steady-state flows in the following combinations: Q,=0.1,0.5, 1, 2, 4,5, 6 or 8
m3/s; Qz=0.1, 0.3, 0.7 or 1 m3/s; only Chapel Mires spillway open; Chapel Mires spillway and return gate open;
Chapel Mires spillway, tilting weir and return gate open; common lade channel downstream of Chapel Mires spillway
was eitherundredged ordredged by 0.5m. The results from these simulations were used to generate lookup tables
of Balgavies lake stage (H,) vs discharge (Q,) and the modelled discharges could then be used to simulate water
levelsin Balgavies lake using the hydrological modelling. Sensitivity analysis considered the impact of modifying the
Manning coefficient forthe channel and model efficiency was evaluated by the Nash-Sutcliffe coefficient (Nash and
Sutcliffe, 1970).

Simulations of waterlevels were performed overthe period from March 2014 to November 2017 for 6 different
combinations of hydrauliccontrols:

Tilting weir closed, Milldens return gate closed

Tilting weir closed, Milldens return gate open

Tilting weiropen, Milldens return gate open

Tilting weirclosed, Milldens return gate open, channel dredged by 0.5m

Tilting weiropen, Milldens return gate open, channel dredged by 0.5m

As 5, but tilting weirshifted to old, currently blocked spillway at chainage from lake outlet =279m

ok wnN R

In all these cases we assumed Chapel Mires spillway was open.

Ecologicalassessment

Vegetation survey of Chapel Mires
To assessthe present condition of the Chapel Mires, arapid appraisal of the UK National Vegetation Classification
(NVC) classes overthe site, supported by survey with the dGPS and aerial photographs, was carried out over 2 days



inJune 2017. The information obtained was used to construct a map of the area showing NVCclasses forthe non-
open waterareas. Two vegetation quadrats (3m x 1.5m) were installed in 2015 and speciesidentification was done
in May and July of that year, and againinJune 2017. These were Q1 (NVCclass 27a) and Q2 (NVCclass 27a). Apre -
existing quadrat site, quadrat Q3, was sampled duringJune 2017 (NVCclass W3/528). We used community -weighted
Ellenbergvalues (Ellenberg, Dill, Wirth, Werner, and PauliRen 1991) to compare Ellenberg N and moisture (water
levels)ineach of the quadrats.

A survey of the submerged and emergentaquaticvegetation in open water pondsin the Chapel Mires wetland was
carried out in September2017. Ponds 1 and 2 were surveyed from aninflatable boat by means of visual assessment
supplemented by regular sampling of the submerged macrophyte communities by use of a double -headed rake. The
macrophytesinthe InletPond (the northernmost pond) were sampled from the bank using throws of the double -
headedrake.

End member mixing analysis for Chapel Mires

Details of the chemical analysis methods for these and routine monitoring samples of the outlet to Balgavies lake
and rainfall are givenin Dunn et al. (2014). Water samples were collected periodically from the two quadrat sites Q,
and Q, during 2015-2018. Inaddition, sampleswere collected from a third site, Q,and duringthe survey of wetted
marginin 2015 and 2017 (details see Supporting Information 4 details). To estimate the contribution of the water
exiting Balgavies lake to water quality of Chapel Mires we carried out principal component analysis and end member
mixing analysis (EMMA) using the methodology of Christopherson and Hooper(1992) and Hooper(2016). EMMA
evaluates the ability of potential water source components, obtained fromindependent data, to reproduce mixed
water chemistry, using a constrained least squares solution. We chose Ca, Mg, Na, Si, F and K for mixing analysis as
these showed differences across potential end members, are likely to behave conservatively under changing redox,
and do notduplicate. The potentialend members that we considered initially were outflow from the Balgavies lake,
Balgavies Burn, rainfall, presumed groundwater-fed woodland ponds located in topographicdepressionsin
woodland adjacent to the south east of Chapel Mires, and a roadside gully potto the south of the area (Chapel Mires
area isboundedtothe southand west by roads generating contaminated runoffcontaining high NaCl). The excel-
based EMMA package we used allowed for3 end members, so we selected the presumably most meaningful end, i.e
rainfall (sampled on 28/02/12), Balgavies Loch outflow (sampled 1/2/17) and the Western end of Chapel Mires
wetland (assumed to comprise field drainage and road runoff, 30/10/2017).

Socioeconomic assessment

Catchment group

A Lunan Water Catchment Management Group was set up in April 2016 to provide steeringand oversighttothe
“Water for All” project, and to highlight any other catchmentissuesin need of consideration. This was chaired by the
local authority (Angus Council) and membersincluded the main regulatory bodies (Scottish Environment Protection
Agency, Scottish Natural Heritage) and local interest groups (Esk Rivers and Fisheries Trust, Balgavies lake
Committee, Scottish Wildlife Trust, National Farmers Union Scotland) and members of the research team.

Scoping and pre-survey interviews

Stakeholdersurvey and engagementinthe catchmentfollowed previous interviews, which were carried outin 2014
(Shortall, Rear, Vinten, Novo and Kuhfuss, 2017) with stakeholdersincluding farmers, land owners and
representatives from governmental and non-governmental organisations with involvementin the management of
the Lunan Water. These interviews explored views on waterissues in the catchment, causes and potential solutions
and the potential to establish ascheme to pay for water benefitsinthe catchment. Flooding, loss of topsoil, water
shortages, threats to catchment ecology and shortage of hydrological datawere seen as key issues to discuss. Pre-
surveyinterviews, to confirmthe scope of a subsequent willingness to pay (WTP) survey and the suitability of survey
information, werealso performed in February/March 2017.



Willingness to pay survey

To quantitatively measure supportfrom local stakeholders forthe project, and assess its potential long-term finandial
viability, we useda WTP approach through contingent valuation (Carson, 2000). A postal and online survey used a mix
of closed and open-ended questions. Afteraseries of questionsrelative to their familiarityand perception of the Lunan
Water, a brief description of the scheme and its potential effects on flood risks, low flows and wetland biodiversity
was presented. Respondents were then asked to state the maximum WTP over 10 years on a choice card presenting
6 options (£0, £2, £5, £7, £10, £15, £25, £40 per year), in a different random order for each respondent. The
guestionnaire ended with some socio-demographic questions.

To investigate the preferred institutional arrangements for the long-term governance of the scheme, respondents
were asked their WTP to support financially the implementation of the same project for water levels management
under 3 different governance scenarios:

1. Management of water levels by the local government, Angus council, with funding levied through a council tax
increase for 10 years;

2. Management of waterlevels by abusinessrun by local stakeholders who would buy shares once for 10 years;

3. Acharity would overseethe water levels, while funding would come from donations. In this scenario, respondents
were asked to state their WTP in the form of an annual membership to the charity for the next 10 years.

The postal survey was randomly sentto 60farmers and 200 residents from the Lunan Water catchment. 5,000 |eaflets
were distributed in mailboxes and advertisedin the catchment area to advertise the online version of the survey. 12
farmers and 61 residents responded, with 39 from the postal survey and 34 from the internet survey. 62 of the 73
respondents live in the catchment; the 11 other lived in Angus. Confidence interval was estimated by bootstrapping
using the Bias Corrected method and 1000 replications.

Post-survey interviews

To furtherexplore stakeholderviews about water management and the proposed tilting weirscheme, 17 interviews
were carried out with 19 stakeholdersinthe Lunan Water catchment. Eight people in stakeholder organisationsin
the catchment, three farmers and eightresidents wereinterviewed. Members of stakeholder organisations were
recruited throughtheirinvolvedinthe Lunan Water catchment management group. Farmers and residents were
recruited through participatingin the survey. The interviews dealt with people’s views on waterissuesinthe Lunan
Water catchmentin general, different ways of managing these, and theirviews on the desirability and feasibility of
the proposed scheme. Interviews lasted around 1 hour and were recorded and transcribed.

3. Results and Discussion

Hydrological assessment

Water levels in Rescobie and Balgavies lakes, Common Lade and Chapel Mires

The fortnightly waterlevelsin Balgavies lake for 2003-2018 showed asignificant upward lineartrend of 3.6 mm/year
(p-value=0.027); an upward trend of 6.4mm/year (p-value=0.01) was detected forannual minimabut notfor annual
maxima. The 15 minute interval water levels for 2014-2018 for Rescobie and Balgavies lake and for Milldens weirare
showninFigure 3. Annual waterlevel fluctuations showed an amplitude of upto 1 m at Rescobie Lake, upto 1.2m
at Balgavieslake and upto 0.75 m in the common lade upstream of Milldens weir. The range was much largerin
2015-2016 than in 2014-2015 because of a majorflood event (Storm Frank, 28-29/12/2015). This event was an
importantdrivertolocal governmentinterestin flood risk reduction. Itinundated roads (when Rescobie waterlevel
>60.0m) and property upstream of Rescobie Lake, fields downstream of Balgavies lake inthe Milldens area, and
furtherdownstream.



At low flow, in Rescobie Lake levels were about 0.2 m higherthanin Balgavies lake, but this difference was smaller at
high flows. There was little lag (<1 d) between the response of Rescobie and Balgavies lakes, or between Milldens
weirand Balgavies lake, but Milldens weir generally responded before Balgavies lake, due to the input from
Balgavies Burn.

The position of the return gate delivering waterfromthe common lade to the Lunan Water at Milldens was critical
to the differencein waterlevels between the common lade upstream of Milldens weirand Balgavies lake. With the
return gate closed, the waterlevels between the Balgavies outlet and upstream of Milldens weir/downstream of
Balgavies Burn did not differ (£0.04m), highlighting the potential for flow reversal if the return gate were closed.
Based on empirical observations of impact of gate closure in summer 2016, we estimated that the outflow from
Balgavies lake decreased as a result of gate closure by about 12 L/s compared to that for the gate open condition, for
every 1 cm of waterinthe lake above 59.37m (details seeVintenetal., 2017).

Water levels observed atthe culvert between the ponds and the small wetland in the southern part of Chapel Mires
from June 2017 to March 2018 show that, insummerand early autumn, changesin waterlevel in Chapel Mires
occurred without change in lake levels and showed little hysteresis, suggesting groundwater control and/orinput
from the highergroundtothe south of Chapel Mires (supportinginformation 5). Awidening hysteresis loop during
Septemberto November 2017 impliesfilling of ponds 1and 2. Thisacted a barrierfrom the north, slowingdrainage
of surface runoff fromthe south through the small wetland. Inthe December 2017 —January 2018 event, atotally
differentresponseoccurs, with longlasting hysteresis and an anticlockwise loop. This probably reflects the point at
which directfilling of the small wetland from the north occurred, correspondingto a lake waterlevel of around
59.7m. This lake level could serve as a useful guide for when control of water entering Chapel Mires fromthe
common lade could prove directly beneficial toreducing nutrient loads, to the southernmost (best conserved) part
of Chapel Mires although lower waterlevels are relevant to nutrient loading from the river to the two ponds. Our
inference from these observationsis that Chapel Mires received water fromthe river, but that the southern part of
the wetland was quite well protected from these inputs, except at high lake levels (>59.7m) and river flows. The risk
of Balgavies Lake waterlevel exceeding 59.7 m for 2003-2010 was 6.4% (3.4%, 9.8%) and 10.8% (5.8%, 16.6%) for
2011-2018.

Model simulations of stage-discharge vs gate positions and dredging

A suite of stage-dischargerelationships between the water levelin Balgavies lake and the discharge from the lake,
for steady state flow conditions, using HECRAS 5.0.1 model assuming a Manning coefficient of 0.03 throughout, was
obtained (supportinginformation 6). This was done for different conditions of inflow from Balgavies Burn and
operation of gates providing lateral offtake, namely the return gate at Milldens weir, and the proposed tilting weir
just upstream of the Balgavies Burn tributary. High Balgavies Burninflow restricted discharge from Balgavies lake,
especially atlow lake outflows. The impact of the position of the Milldens return gate on the flow out of the lake was
most marked at very high and at low waterlevels and nearly non-existent at moderate to high levels, except for the
largest Balgavies Burn tributary inflows. Below Balgavies lake outflow of 4 m3/s, there was very little impact of
addinga lateral tiltingweiron waterlevelsin the lake, butthe impactincreased at very high outflows. This smaller
than expectedimpact was partly because of the accumulation of sediment, forexample at chainage 237-279 m and
at the cattle drinking point just upstream of the culverted bridge at chainage =374 m (supporting Information 2).
The impact on stage-dischargerelationships of 0.50 m of dredging of the Common Lade (forlocation of dredging see
dottedline insupportinginformation 3) on lake waterlevels was much largerthan the impact of the tilting weir
operatinginthe undredged channel, except at very high outflows. Forexample atH, = 59.6 m, lake outflow was
doubledfrom 1 to 2 m3/s by dredging. Dredging also made the tilting weir more effective, furtherincreasingthe flow
fromthe lake when H >59.6m. We also considered the effect of movingthe tilting weirsite upstream of the bridge
(feasible once the channel is dredged). We chose the site of an old, blocked spi llway (Figure 2) nearthe bendin the
common lade, as we hypothesise that the transfer of the spillway to the present site may have promoted
accumulation of sedimentin this portion of the common lade. This modification gave afurtherincrementin the
impact of the tilting weirat high waterlevels (H,>60m), evenif the Chapel Mires spillway was closed off.



Hydrological modelling of Balgavies lake and Milldens weir waterlevels

The suite of stage-discharge curves were used to generate “lookup tables” to allow the hydrological model to
operate dynamically across arange of values of H,, Qz and weirsettings (Figure 3, based on equation 1). The
simulation period (March 2014-November 2017) includestwo winters where water levelsin Balgavies lake rose to
values >59.8 m, a critical level forflooding, for 7d (2014-2015) and 31d (2015-2016) respectively. The waterlevels
duringsummerfelltoaround 59.4m. Modelling of the Balgavies lake levels under current weirand channel
conditions agreed reasonably well with the observed data (Nash-Sutcliffe coefficient =0.75, mean difference
between observed and predicted level=6.6 cm, relative efficiency =0.83), but there were periods when significant
discrepancies occur, especially when the return gate was assumedto be closed. The sensitivity of simulations of lake
waterlevel to changing the Manning coefficient from 0.03 to 0.02 was -0.02 to -0.18m at high flows dependingon
lake waterlevels. The longitudinal cross section of waterlevels measured on 31/10/2017 between Balgavies lake
(H=59.47m) and Milldens Weir(H=59.1) was simulated reasonably well (Nash-Sutcliffe coefficient =0.52).

Modelled estimates of the waterlevels at Milldens weir, usinglookup tables from steady state simulations to
identify weirwaterlevels as afunction of Balgavies Burn and lake outlet discharges, werereasonable at low water
levels (Nash Sutcliffe Coefficient was >0.5 for observed weir waterlevels <59.35 m), but not at high waterlevels
(Figure 3). The impact of the position of Milldens return gate on simulated water levels was mostevidentatvery
high waterlevels. The sensitivity of simulations of Milldens weir water level to changing of the value of the Manning
coefficientfrom 0.03 to 0.02 was generally <0.02 m.

Very little additional impact of introduction of the tilting weirinto the undredged channel was evident. However,
there was a large impact of lade dredging on waterlevelsin the lake at all except the very highest water levels
(H>60.0 m). The modelled periods when waterlevelin Balgavies lake rose above 59.8 m decreased to 0 days and 20
daysfor 2014-2015 and 2015-2016 respectively. The base level in summer was also about 0.5 m lower.

The Balgavies lake waterlevelexceedance curves (Figure 5a) showed that the modelled probability of the water level
exceeding 59.8 m (the level when flooding of the road at Rescobie boathouse will occur) was reduced froma
measured value of 3.0% (11 d/year) to 0.9% (3 d/year) by the dredging and marginally by the position of the Milldens
return gate and the tiltingweir. The impact of the gate/weir operation was larger atintermediate flows.

Our inference fromthis analysisis that channel dredging would be needed to achieve reductionin maximum lake
waterlevels. The proposed tilting weirwould contribute to maintaining the dredged channel free of sedimentinthe
longerterm.

Modelling and measurements of flow through Chapel Mires spillway

The proportion of flow passing over the Chapel Mires spillway, with potential impact on nutrient, sedimentand
waterloadingtothe ecologically sensitive Chapel Mires, was influenced by the position of the Milldens return gate
and the tilting weir (Figure 5b). The fraction of watertravelling through the Chapel Mires spillway decreased with
increasingdischarge, and fora given discharge, the fraction decrease d when the return gate was open, and further
decreased when the tilting weir was open and when dredging occurred. Reduction in flowacross the Chapel Mires
spillway was most marked forthe dredged channel, with the tilting weir open, and located at the old spillway.

The benefit of thisreductionin flow through Chapel Mires spillway is less likelihood of nutrient-rich river flow into
Chapel Mires mixing with the much less polluted waterin the Chapel Mires, especially in the part protected by the
culverted embankment on the southern edge of the wetlands ( Figure 2 and Supporting Information 1). High levels of
sedimenttransport, which favour degradation of the Chapel Mire s vegetation, werelikelyat high flows, while high
levels of soluble P transport were likely to be associated with relatively low flows at the end of summer(Vinten et
al., 2017).

In 2016-2017, measurements of the split of discharge from Balgavies lake down the Chapel Mires spillway and
onwards down the mill lade, as a function of whetherthe Milldens return gate was open or closed, showed thatthe
position of the existing return gate made a difference to the fraction of flow travelling viathe Chapel Mires spillway.
At such flows, with only the return gate open, the model simulated nearly all the flow passing over Chapel Mires
spillway, but our observations showed only 37-90%. This may reflect the presence of entrapped vegetation across
the Chapel Mires spillway, increasing the resistance to flow across the spillway. Furtherinformation on the observed



dynamics of flow can be foundinVinten etal. (2017), which suggested that the position of the Milldens return gate
impacts discharge out of the lake, when H >59.37 m.

Model vs observed simulations of flood risk and flows into Chapel Mires vs gate positions and dredging

Under currentlade bed conditions, introduction of atilting weir with currentcommon lade bed levels would only
have a smallimpact on upstream floodingwhen levelsinthe lake are <59.8 m. This could be due toa backwater
effect (Environment Agency, 2010) of the additional weir.

Upstream flood risk reduction by the proposed tilting weir occurs only at very high water levels (H.>60.2m). While
reducing such risk may be valuable, itoccurs very infrequently, and at such levels furtherrelease of water may lead
to unduerisk of increasingthe flood peak downstream. We therefore do notadvocate the use of a tiltingweirto
relieve upstream flooding in these very high flow conditions until further analysis of downstream flooding impacts
has beendone.

The beneficial impact of dredging the common lade between the lake outlet and the Milldens weir on reduction of
waterlevelsinthe lake under conditions where there is arisk of flooding, and on reducing the risk of high,
sediment/nutrient laden flows into Chapel Mires, was clear. When dredging has taken place, the impact of the tilting
weir, eitheratthe site downstream of the bridge and upstream of the confluence of the Balgavies Burn, orat the site
of the old, blocked spillway further upstream (see Figure 2), was greater, especially at water levels >59.6m. However
the additional direct benefit of the tilting weir on lake waterlevels stillwas quite small.

Operation of the tilting weir is usefulinreduction of river flowto Chapel Mires at times whenitcarries a large
burden of sediment and nutrients. For example, in the most sensitive parts of Chapel Mires, waterlevels measured
in May 2015 were 59.25-59.4m. Such waterlevels at Chapel Mires spillway are associated with lake outflow >1m3/s,
occurring about 9% of the time.

To maintain the benefit of dredging through time, amanagement scheme needs to consider how to deal with the
future ingress of sediment. Installation of atilting weir, oramanually operated weir gate with bed level around 58.6
m to promote flushing, was likely to be beneficial. Inaddition, adoption of management practices which control soil
erosion inthe catchment, asdiscussedin Vinten etal. (2013, 2017) should be encouraged.

Ecological assessment

Vegetation survey of Chapel Mires

The NVChabitat map for Chapel Mires (Fig. 5, Table 1) shows the presence of competitive, nutrient-and sediment-
tolerant species such as Reed Canary Grass ( Phalaris arundinaceal.), Branched Burr Reed ( Sparganium erectum\.)
and Common Reed ( Phragmites australis(Cav.) Steud.), which indicate spreading from the northern area close to the
riverintothe more biodiverse sedge-rich southern areas).

The quadrats showed the presence of the Great Britain Red List species Lysimachia thrysifoliain the S27a areas but
not inthe northern quadrat located at the edge of the Phalaris arundinaceadominated area. Lysimachia thrysifolia
would be affected by any N-enrichment or by encroaching woodland asit requires high light levels. The vegetation
composition of Qlindicated amore or lessinfertilesite with low levels of nitrogen; the quadrat Q3 isin an area of
intermediate fertility/nitrogen levelsand Q2 isintermediate to these two. The vegetation at Q1 and Q2 is
characteristicof permanently wet sites while Q3 suggests damp but not wet soils. The vegetation datashowed no
evidence of any change in nutrients or waterlevel between 2015 and 2017. The NVCcommunities probably mostat
risk of change were S27 which require high waterand low nutrient levels. M9is the habitat mostlimitedinits
distribution atanational scale. It would be important to maintain a high water table in this area to prevent
succession towoodland. Holaday et al (2015) noted that the upright sedge ( Carex strictalam.) “appearsto be



adaptedto tolerate low nitrogen availability but cannot respond as rapidly and extensivelyas Phalaris arundinacea
when nitrogen supplyis high”. Werner and Zedler (2002) noted that sedimentation reduces micro-topography of
Carextussocks making themvulnerable toinvasion by Phalaris arundinacea. Howeverit should also be noted
(O’Hare, pers.comm) that these species are anormal part of the assemblage in mesotrophicsystems and may not be
progressingintheirextent.

The survey of the open waterareas showed that Pond 2 (maximum depth 1.6m) was the largest and most diverse
waterbodyin the Chapel Mires site with eightaquaticmacrophytes species recorded. The majority were
characteristiceutrophicspecies (all of which have been recorded in Balgavies lake in recent years) although the
presence of Bladderwort (aspecies aggregate of Utricularia australisand U. vulgaris) indicated more nutrient poor
conditions (as did the presence of emergents e.g. Bottle Sedge ( Carex rostrataStokes) and Bogbean). The western
half of Pond 2 was dominated by the non-native Canadian Pondweed whilethe eastern half was co-dominated by
both Canadian Pondweed and Hornwort. Pond 1 (maximum depth 2.5m) had a smallersurface area but a greater
waterdepththan Pond 2 but lacked the two Potamogetonspecies and E/lodeawasrare. Inthe Inlet pond fromthe
Lunan Water, £/lodea canadensiswas the dominant submerged plant species. Unlike Rescobie and Balgavies lakes,
there was no evidence of cyanobacterial bloomsin any of the sampled water bodiesin the Chapel Mires site and
water clarity was excellent with SecchiDiscreadings of 2.20 recorded in Pond 1. Evidence of this better water quality
was reflectedinthe lower PLEX scores calculated forPond 2 and the other sampled waterbodies in the Chapel Mire
site, compared with the PLEX scores recorded inthe recent surveys of Rescobie and Balgavies lakes. More detail on
thissurvey can be found in Gunn etal. (2017).

Ourinference fromthissurveyisthatthereisagradient of trophicstatus of the wetlandsin Chapel Mires, with the
southernmostarea, furtherfrom the river, being much less nutrient enrich ed. Some areas of encroachment by
nutrientand sedimenttolerant speciesinthis southern section are a cause for concern, but ecological evidence of
invasive processes is not availableat presentas the quadrats do not show significant change in species composition
from 2015-2017.

Water chemistry and end member mixing analysis

Chemical analysis shows the western part of the small wetland has low alkalinity in summer but receives more
alkalinity and NaCl in winter due to road runoff from the south west, partly reflected in the gully pot samples. The
eastern part of the small wetland was quite pristine all year. Sediment P was released in late summerin Pond 1and
inthe western partof small wetland, but notin the eastern part of the small wetland. There was very little nitratein
the small wetland orpond 1 whereas abigdifference between pond 1and pond 2 occurred, the latter beingclose to
or above Balgavies Burn nitrate concentrations. Alkalinity showed a clear north to south gradientin Chapel Mires
(lake water>inlet pond>pond 2>pond 1>small wetland).

The firsttwo principal components explained 96.0% of the variation of the chosen solutes (Supporting Information
7). Balgavies lake outflow and rainfall formed two useful apices for EMMA. There was clearly a contribution from Na
rich water contaminated by the road, but neitherthe gully potorwoodland pond candidates formed a clear third
apexforthe Narich water. It is possible that runoff from the south was not well represented by oursampling. We
consideredthe pointin the extremebottom right of Supporting Information 7as a potential end member
representing runoff fromthe south of the site into the western part of the small wetland. We therefore carried out
end member mixinganalysis using this sample point as the third end member, togetherwith the outermost valuesof
the rainfall and Balgavies lake outflow samples to form the apices of a triangle. This enabled us to estimate
proportions of water coming from the Lunan water downstream of Balgavies lake, rainfall and runoff from the
south(Figure 6). Note those pointsinthe wetland which showed no contribution fromthe Lunan Waterare in the
NVCS27a area to the south of the culvert which offers protection from incoming waterto th e north when water
levelsare low. Pond 2 had the highest proportion of lake water while pond 1 was intermediate. Neither of these



varied greatly through the year, but the proportion of Lunan Waterend memberinthe western part of the small
wetland certainly did, with evidence that at high water levels (H,>59.5 m), there was more transfer of waterfromthe
north.

Ourinferenceisthatthere are threatstothe trophiccondition of Chapel Mire s from both the Lunan Water and from
road contaminated runoff fromthe south. The relativeimportance of thesethreats varied with positionin the
wetland, with the western part of the small wetland influenced mainly by the road runoff from the south, espe cially
inwinter, but the eastern part being quite well protected, unless large events raise the waterlevelin the lake to
>59.7 m.

Socio-economicassessment

Survey —summary of results
Results from the survey of stakeholder attitudes showed an over-representation of older men (over 55) compared to

the average age and genderbalance in Angus. However, the data collected showed the diversity of perspectiveson
the proposedtilting weirand how these canthe conflicting (Table 2).

The firststage inthe analysis was to assess whetherrespondents feel concerned about the issues that the tilting
weiraimsto address: flood risk, low flows and wetland conservation. The level of concern forthese issues mightbea
factor that can, ina second stage, explainthe level of support measured forthe scheme. Despite most respondents
reporting not having previously experienced flooding in the Lunan Water catchment area, more than half stated
being concerned orvery concerned by thisissue. However, mostfarmers were not concerned about restrictions on
waterabstraction (Table 2a) probably because none of them had experienced restrictions. This was also reflected in
respondents preferred priorities for water managementin the Lunan catchment. A large majority of respondents
considered flood control should be a high priority of the water management strategy. Wetland conservation was a
high priority for half of the respondents while most respondents gave alower priority to abstraction issues.

Wheninvestigating the supportforthe installation of atilting weir, we found that overall, the projectreceived a
good level of support (Table 2b), but there were disparities between farmers and residents. The farming community
appeared particularly divided on this question, and the reasons for this were explored through the qualitative
interviews.

To investigate further the level of support forthe project, we analyse d the WTP stated by respondents (Table 2c).
Overall, half of the respondents stated that they would be willing to pay to support the maintenance and operation
of the weirafterthe end of the research project. 16% state d that would not pay for itand 34% of the responses
constituted protestanswers (i.e. respondents who support and perceive benefits from the project, yet stated anull
WTP as they disagree with the method of preference elicitation used orare concerned about fairness of the
payment). We estimated an average WTP of about £9.60 (confidenceinterval: £7.60 and £11.50) per year per
respondent over 10 years, and we can say with confidence thatthe average WTP is between £7.60 and £11.50.

Finally we compared respondents’ WTP underthe different governance scenarios The results showed that the
preferred governance scenario was local government management, with business governanceranked second and
charity as least preferred option for most respondents.

The results highlighted two types of concern:

1. Aboutthe projectitself, with 16% of respondents unwillingto pay anything towardsthe cost of managi ng water
levels,

2. Aboutthe governance, illustrated by the high level of protest answers, due to eitherthe lack of confidence that
the project would be managed correctly under the proposed governance mechanism, or a belief that others
should fundit, or a preference foranotherway of funding.



Post-survey interviews

The benefits and dis-benefits, potential ways of managingthe scheme, evidence forand against the scheme, gapsin
governance of water managementand farmerand land owners’ rights and responsibilities, related to the proposed
tiltingweirscheme werediscussed. Several interviewees stated they would like more detailed and accessible
information about the scheme and its potential impacts. Interviewees whose knowledge of the scheme was based
on the survey stated that they required more information to understand and assess the scheme forthemselves.
Others stated that more translation of the technical and scientificinformation about the scheme into accessible,
non-scientificlanguage, was desirable.

Interviewees identified institutional gaps in water management. Forinstance funding was availablefor capital
investmentin water managementinfrastructure such as flood defences but the perception was thatthere was less
fundingand institutional capacity for ongoing maintenance and management of this infrastructure. Some
interviewees stated that this infrastructure was sometimes not effective without maintenance. There wasalso a
clearregulatory process forinstalling capital infrastructure. The tilting weir schemeraised the issue of there being
little precedent for managing schemes that required ongoing management e.g. adjusting the level of the tilting weir:
of what kind of body would take responsibility for this, what the legal status would be and how decisions would be
made. The statusand management of structures such as weirs which had beeninstalled before currentlegislation
was in place was perceived as uncertain.

Interviewees expressed the view thatlandowners’ and farmers’ autonomy in water management had beenreduced
inrecentdecades. Landowners had less freedom to clear waterways and carry out other maintenance. For some this
conflicted with farmers’ identity as stewards of the land who had rights and responsibilities to maintain waterways.
Here farmers’ private interest was seen as largely compatible with the publicgood both because farmers produced
food and because farmers and land owners were responsible agents who understood the consequences of their
actions and had the local and technical expertiseto carry out water managementforthe publicgood. For some this
loss of autonomy meanta lack of maintenance of waterways, which was the cause of some of the floodingissuesin
the Lunan Water catchment.

For others, the current governance structure for clearing waterways and dredging prevented landowners actingin
theirowninterests while causing water problems on other people’sland, such as flooding downstream caused by
dredging upstream, or damage to water quality. Private interests were not necessarily seen as compatible with the
publicgoodinrelation to water management and regulation was needed to manage this dynamic.

Some interviewees expressed the view that natural flood management was preferable to engineering solutionsin
the Lunan Water catchmentbecause itrequired less ongoing management. “Nature” was seen as a force that would
continue to shape waterflowsinthe catchmentand engineering solutions would be difficult to maintain if they did
not accommodate thisforce. An engineering solution which required ongoing management was seen as susceptible
to difficultiesin relationships within the catchment: assembling people with enough time and energy to dedicate to
managing a structure; accommodating conflicting views about how the structure should be managed; and finding
people oran organisation willing to take responsibility for any negativeimpacts of the structure. In contrast natural
solutions were seen by some as more autonomous and self-regulating and so requiring less energy from
stakeholders and dispersing of responsibility for ongoing management.

In contrast, some framed the Lunan Water as a catchment which could not be considered “natural” as the
waterways had undergone alot of work such as straightening. In such a system natural management could requirea
change which mightlead to some people losingoutthrough, forexample, land being reconverted to flood plains. In
an already artificial system, engineering and ongoing management may be required to maintain people’s existing
interestsand assets.



We inferfrom this work that while there wereviews expressed forand against the scheme, many stated thatthey
did not benefit enough directly fromthe proposed schemeto take responsibility forits management and pursuing
approval forits installation. Stakeholders were wary of the responsibility and energy this could involve without a
clearbeliefinthe benefits. The perceived presence of governance gaps was clear.

4. General Discussion and Conclusions

The work reported here attempts to reduce the uncertainty surrounding both the technical and socio -economic
aspects of a proposedinnovative approach tointegrated water management. The proposed tilting weir can be seen
as an attempted compromise between natural and engineered solutions, which also introduces a wider basis for
governance than the status quo. The case study catchment, the Lunan Water, experiences issues that are common
to catchments across the world (loris, 2012; Xiaet al., 2016; Gooch and Stalnacke, 2010; Acreman et al., 2007;
Fliervoetetal., 2017). Intaking an integrated approach, we assertthatit is betterto achieve partial reductioninthis
uncertainty across a range of salientissues, ratherthan focus on reducing uncertainty about asingle component
which would satisfy amuch narrowerrange of stakeholder concerns. The proposed water managementintervention
aimedto spread benefits across many water usersinthe catchment. However, in so doing we are challenginga
philosophy of benign neglect, which may be beneficial to anarrowerrange of interestsinthe shorttermbut lead to
longerterm lack of flexibility of water management, greater risk of impact of extreme events, and gradual,
unheralded loss of aquaticbiodiversity.

As we describe first stepsin appraisal of atilting weir tofacilitateintegrated water management, there are certain
limitations of the hydrological modelling and otherapproaches we have used, which should be borne in mind when
considering conclusions fromthe work. Firstly, we did not considerafull hydrauliccalibration/validation exercise
was warranted for this preliminary approach; rather we used a plausible value of the Manning coefficient (0.03)
throughout the system and assessed model performanceacross the whole dataset. We took this approach because:

a) We were not modelling the full effect of the riverflood plain, rather considering only flow within the
confined channel and defined standing waters. Further work is now underway to model the floodplain
as well, asopposedto only flow in the channel and defined surface waters. This work willalso model the
unsteady nature of the flows directly, ratherthan using aseries of steady state stage-discharge
relationships to describe unsteady flowand waterlevels;

b) Thereis alsouncertainty aboutappropriate flow inputs due to variable rainfall across the catchment
and about otherhydrological components such as ET and leakage to/from groundwater. The model
used upscaling of Qg to generate the inflow to Balgavies lake, and if spatial variation of hydrological
conditions across the catchment occurs, this may lead to significant discrepancies. A more rigorous
hydrological model of flow inputs and associated uncertainty is also under development;

c) There wassome uncertainty about when the return gate was closed overthe time period, andinsome
cases the gate may also have been only partially closed;

Mitigation of reverse flow of water eg. from Balgavies Burn to the common lade will not be effectively modelled by
the steady-state scheme, and forthis reason too, a non-steady state approachis under development. Nonetheless,
the steady-state approach we have used does give initialindications of the likely hydrological feasibility of the
proposedscheme.

We also note that there is considerable debate on the appropriate way to manage inflows of water and nutrients
intoshallow wetlands to promote conservation of macrophyte-dominated, clear waterecology. However, thereis
evidence that this can be effective. Forexample, Spoljar etal. (2017) found that hydraulictreatment could be
appliedtoregulate submerged macrophytesin shallow reservoirs, as an efficientand lessinvasive approach than



sedimentremoval, especially in sensitive karstareas; Green and Galatowitsch (2002) found that suppression of
native sedges by P. arundinacea by high nitrate inputs occurred; Moss et al. (1986) explored the impact of isolating
a previously mesotropicfen frominputs of nutrients which had caused itto degrade to a phytoplankton dominated
state. Isolation initially brought about the desired improvement, although this was followed by a regression back to
due to release of P from lake sediments.

Furtherwork, usinga non-steady modelling approach, will address the issue of when such large burdens of nutrients
and sedimentoccur, based on analysis of the lake outflow water quality and modelling of the mixing process with
Chapel Mires.

We also note that dredging of water courses forsedimentremovalisthe subject of strict regulationand may not be
beneficial to river ecology and flood risk mitigation for otherreasons (eg https://www.ciwem.org/policy-

reports/floods-and-dredging-a-reality-check). Further work can assess downstream flood risk impacts of more
efficientrelease of water from Balgavies Lake at high flows, but the aim of the proposed scheme is to facilitate
better management of potential storage inthe lake.

We also note that the socio-economicsurvey was hampered by the small size of the catchmentarea. Giventhe
resulting small samplesize of the survey, the results obtained may not be representative of the catchment
population. Howeverthey are insightful toillustrate the range of perspectives on the scheme andillustrate the
concerns associated toitsimplementation atthe catchmentscale.

Bearingin mind these caveats, we draw some conclusions from the work described:

We have assessed the potential foraflexible hydraulicstructure (tilting weir) and/ordredging, to contribute to
adaptive management of waterinan intensivearable catchmentin Eastern Scotland. We have used anintegrated
approach comprising hydrological, ecological and socio-economicassessments, which could in future be includedin
an analysis of the potential foraPayments for Ecosystem Services schemein the wider catchment.

Consideringflood risk, there was a statistically significant upward trend in water levels in Balgavies lake from 2003.
The floodingriskin Rescobie lake, upstream of Balgavies lake, is associated with publicroads and housingand is
considered as a concern by 62% of the survey andinterview respondents. Flood risk reduction can be achieved by
dredgingthe common lade downstream of Balgavies lake more effectively than by introducing the proposed tilting
weirwithout dredging. However, to maintain the benefit of dredging overlongertime periods, the introduction of a
tiltingweirwould help prevent further sedimentation, as periodic opening would promote flushing of the lade.

As high flowsinthe main stem of the riverintroduce nutrientand sediment rich waterto the wetland areas, a tilting
weircould reduce the risk of wetland eutrophication. The rapid assessment of vegetation and the water chemistry
mixing analysis demonstrated a clear gradient from nutrientrich sites nearthe main stem of the riverassociated
with nutrientloving, sediment tolerant species (e.g. Phalaris arundinacea, Sparginum erectum, Phragmites australis)
to more oligotrophic conditions and species associated with Carexwetlands. Exceptat high flows, the risk of
nutrients and sediment fromthe river entering the wetland declines with distance away from the river. As the
downstreamriver water quality hasimproved inrecentyears (Dunnetal., 2014), there is probably scope for more
emphasis on protection of the Chapel Mires wetlands from eutrophication. Forefficient wetland water quality
management, arule base for diversion of flows away from Chapel Mires at critical times could be developed, using
annual pattern of P loads from the lake, as described by May and Vinten (2018).

Probability of low flows to water users downstream of the lake has been dealt with elsewhere (Vinten etal., 2017).
An economicimpact ofirrigation restriction was shown, butinthe survey work reportedin this paper, there was
relatively little concern aboutthe issue. However, recent regulatory work has also confirmed the river ecology in this
catchmentisimpacted at low flows, and stricter regulation atlow flows is envisaged (Leith, S., pers. comm., 2017,
2019).
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Apart fromthe technical uncertainties discussed above, amajor area of concernis the issue of long-term
governance. Practitioners and scientists can fall into a panacea trap, in which they falsely assumethatall governance
issues can be reduced to a set of models, in which preferences and perceptions of stakeholders are similar (Ostrom
2007). Viewsinfavourof and against the proposed “Waterforall” scheme were expressed by respondents to the
survey andthe interviews. Amongthose in favourthere were no clear champions of the scheme who were willing to
dedicate time and energy to pursuing approval foritsinstallation and managing the tilting weir afterinstallation.
Stakeholders did notfeel they benefited enough directly from the schemeto championit. There was also some
uncertainty about how the scheme would work and the science behindit. Gapsin the governance of water
managementand a lack of precedence for managing such ascheme also created uncertainty. There wasalsoa
feelingthat waterissues can cause conflict, which would create difficulties in the long-term management of the
scheme. Several stakeholders felt that the scheme also did not address the root of water management problems
which were identified by some as sediment runoff fromfarms (Vinten et al., 2013, 2017; Balana etal., 2012) into
waterways, or a lack of ongoing water management processes such asdredging.

The economicbenefits of managing high and low flows could be integrated into novel approaches to governance
(e.g. communityinterest company ordrainage board), and hence help support the non-market benefits of wetland
conservation. The development of statutory multi-stakeholder groups, which can respond in both an integrated and
adaptive mannerto water managementchallengesis seen as a constructive way forward for waterissuesin thisand
othersimilar catchments.

Formalinstitutions forlong-term governance of water for multiple stakeholderinterests at catchment scale are quite
rare in Scotland (Rouillard et al., 2013), compared with other countries with along history of managingirrigation
water (Gooch and Stalnacke, 2010). Policy actors have been constrained by the “nested” nature of advisory groups.
However, salient examplesinclude Loch Leven, wheresluice gates are managed to meet the demands of
downstreamindustry (Binnieand Partners, 1965) and to maintain minimum environmental flowsinthe River Leven.
The Pow of Inchaffray, a tributary of the River Earn, has beenthe subject of a recent Bill for Scotland’s only local
drainage commissioners (Association of Drainage Authorities, 2017a) to enable collection of alevy from catchment
heritors for maintenance of drainage and oversight of flood risk reduction. Such schemes are more frequentin
England, forexample inthe drained fenlandsin England (Association of Drainage Authorities, 2017b), and in larger
scale river systems elsewhere (e.g. Gooch and Stalnacke, 2010; Wescoat, Siddigi and Muhammad, 2018; Fliervolt,
van den Born and Meijerink, 2017), the challenge of collaborative governance of river basin projects is recognised.

Rouillard et al (2013) advocate the development of statutory multi-stakeholder groups, which can respond in both
an integrated and adaptive mannerto water management challenges. Given that Scotland is developing a Hydro
Nation strategy (Water Resources (Scotland) Act (2013)), it is perhaps appropriate that achieving awider balance of
interests and benefits across water users should be further developed in this research catchment, and this study has
helpedtoidentify some of the technical and socio-economicbarriers to innovation and adaptive water management
for flood riskand aquaticconservation.

The findings of this work can contribute to an integrated model of the system, to identify how to manage flows with
an artificial tilting weirto achieve both flood risk reduction and wetland conservation. A pilot project, where attilting
weirisinstalled forafixed period of time to monitorimpacts and develop management approaches would be
beneficial. To be useful for flood risk management, forecasting of water levels and the impact of managementis
required. Thisis being explored through a conceptual rainfall-runoff coupled with a lake storage model (Pohle and
Vinten, 2018) which can be applied for simulations underseasonal forecasts (e.g. Saha et al., 2014) and climate
scenarios and thus assessment of long-term effects of management decisions. Future work will also explore
alternative management options and sites for tilting weir installation.
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7. Figures

Figure 1. Overview of the Lunan Water catchment showing the main non-agricultural areas (MASTER MAP coverage),
the bounds of the upper Lunan Water catchment considered in this study, and the lake outletzone wherethe
hydraulicmodel was developed. UTM co-ordinate system.

Figure 2. Detail of exit zone of Balgavies Loch and Chapel Mires pertinentto steady state hydraulic model. Minimum
Bedlevels(inmabove sealevel) showninred. CMS=Chapel Mires Spillway, RET=Return gate from Milldens lade to
Lunan Water, TiW= possible sites fortiltingweir. Note that the more westerly of these twois at the site ofa
blocked off formerspillway. Note that the tailwaterchannel (LunanWater)isnotincludedinthe steady state
model usedinthis paper. More information on the section of the uppe r Lunan Water catchment downstream of
Balgavies lake, includingcommon lade, Milldens weir, Milldens lade, spillways and tailwaters, inthe area
downstream of the outlet to Balgavies lake, showing positions of proposed tilting weirand penning structure is given
insupportinginformation 1and 2.

Figure 3. Hourly water level data collected at Balgavies lake inlet (2014-2018) compared with modelled Balgavies
lake levels under current management and with tilting weir+dredging. Also shows water levels at Res cobie Lake and
Milldens Weir, discharge from Balgavies Burn into common lade and modelled water levels at Balgavies lake and u/s
of Milldens weir.

Figure 4. Rapid appraisal of UK National Vegetation Classification (Rodwell, 1995) of terrestrial wetland are as of
Chapel Mires. Survey June 2017. Total area of Chapel Miresis0.11 km?

Figure 5. (a). Water level exceedance curves for Balgavies lake —observed compared with modelled values for March
2015-Nov 2017. (b) HECRAS simulations of the split of flow between Chapel Mires spillway and continuation down
the common lade with different weir settings and dredging assumptions.

Figure 6. Estimation of the contribution of the Lunan waterd/s of Balgaviesto the composition of samplesin Chapel
Mires wetland using EMMA. Also shownis the Balgavies lake waterlevel, and the waterlevelinadipwell at the
culvert between the smallwetland and the pondsin Chapel Mires (Figure 5).



8. Tables

Table 1. Specieslists and percentage cover for 4x4m quadrats Q1 and Q2 (Figure 5) taken in Chapel Miresin
2015 and 2017. Note total cover may be >100% due to overlapping vegetation or <100% due to open water.
Species scored as <1 = present but at less than 1% cover, 0 = had been presentbut could not be found, + =
presentoutside boundaries of quadrat, ? = identification uncertain, species may be present. Other quadrat

sampling data can be found in Vinten et al. (2017).

Species Quadrat1S27a East Carex Quadrat2S27a West Carex Quadrat3W3/S28 Phalaris
rostrata354103 750403 rostrata35395 735040 arundinacea353813
750739
May- Jul- Jun- May- Jul- Jun- May- Jul- Jun-
2015 2015 2017 2015 2015 2017 2015 2015 2017
Creeping Bent (Agrostis stolonifera L.) <1 0
Brown Sedge (CarexdistichaHuds.) <1 1
Greater Tussock-Sedge (Carexpaniculatal.). 1 1 2
Bottle Sedge (Carexrostrata Stokes) <1 <1 1 5 20 8
Carexsp. <1
JointleafRush (Juncus articulatesL.) 1 <1 3 <1 1 2
Reed CanaryGrass (Phalaris arundinacea L.) 40 50 50
Sparganiumsp. <1 2 <1
Wild Angelica (Angelica sylvestrisL.) <1
Marsh Marigold ( Ca/tha palustrisL.) + 0
Opposite-Leave Golden Saxifrage <1 <1 0
(Chrys osplenium oppositifoliumL.)
Cowbane (Gicutavirosal.) 3 15 1 <1 2 1
Marsh Cinquefoi (Comarum palustrel.) <1 3 <1 <1 <1 <1
Fringed Willowherb ( Epilobium ciliatumRaf.) 4 4 4 <1 <1 <1
Marsh Willowherb ( Epilobium palustre L.) 2 2 4 10 0
Meadowsweet ( Filipendula ulmaria (L.) 15 35 15
Maxim.)
Common Marsh Bedstraw ( Galium palustre 3 8 3 1 3
L)
Yellow Iris (/ris pseudacorusL.) 4 5 10 25 40 30 <1 <1
Common Duckweed (Lemna minorl.) 3 1 <1 1 <1 <1
Tufted Loosestrife (Lysimachia thyrsifloral.) 20 20 30 1
Bogbean (Menyanthestrifoliatel.) 25 48 40 5 10 5
Forget-Me-Not (Myosotissp.) <1 <1 2 2
Water Forget-Me-Not (Myosotis scorpioides 1 1 2 <1 1 <1
L)
Bog Myrtle (Myrica galel.) <1 1 <1
Bog Pondweed (Potamogeton polygonifolius 8 10 3
Pourret)
Common nettles (Urtica diocal.) <1 1 <1
FieldHorsetail (Equisetumc.f. arvensel.) <1 <1
Water Horsetail (Equisetum fluviatile L.) <1 <1 3 <1 2 <1 <1 0
Rough-Stalked Feather-Moss (Brachytheaum ?
rutabulum (Hedw.) Bruch, Schimp. and
W.Guembel)
Calliergon Moss ( Calliergon cordifolium 30 40 ? 1
(Hedw.) Kindb.)
Pointed Spear-Moss ( Calliergonella cuspidate <1 <1
(Hedw.) Loeske)
Cyprus-Leaved Plaitmoss ( Hypnum ? ?
cupressiformeHedw.)
Bladderwort (Utricularia vulgaris agg.) <1
Common Alder (A/nus glutinosa (L.) Gaertn.) + <1




Table 2. Responses to interviews with stakeholders about “Waterfor all” project.

a. Existingconcerns

Concernregarding flooding Concernregarding abstraction
Number of
respondents Number of farmers

Notconcernedat all 9 Notconcerned at all 3

Notvery concerned 12 Notvery concerned 2

Neutral 10 Neutral 2

Concerned 34 Concerned 1

Very concerned 6 Very concerned 2
TOTAL 71

b. Shouldthe project be implemented?

Number of Of which are Of which are
respondents residents farmers
Definitely not 6 2 4
Probably not 5 3 2
Don’tknow/no
opinion 11 10 1
Probably 35 31 4
Definitely 16 15 1
TOTAL 73 61 12
¢. Willingness to pay to support project
£0 >£0 Protest £0
16% 50% 34%

Mean WTP: £9.60 / yearover 10 years
Confidence interval®: [£7.60; £11.50]
2: Confidence interval estimated by bootstrapping using the bias corrected method and 1000 replications.
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Figure 3. Top: Hourly waterlevelsforBalgavies lake inlet (2014-2018) compared with modelled levels undercurrent
management and with tilting weir+dredging. Also shows water levels at Rescobie Lake and discharge from Balgavies
Burn intocommon lade. Bottom: Hourly waterlevels for Milldens Weir, compared with modelled levels u/s of
Milldens weirunder current management and modelled water levels at Balgavies lake. Also shows whether gate is
open (baseline) orclosed (above baseline) and discharge from Balgavies Burninto common lade.
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Figure 4. Rapid appraisal of UK National Vegetation Classification (Rodwell, 1995) of terrestrial wetland areas of
Chapel Mires. Survey June 2017. Total area of Chapel Miresis0.11 km?2 Background © Copyright Getmappingplc
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Figure 5. Top: Waterlevel exceedance curvesfor Balgavieslake—observed compared with modelled values for
March 2015-Nov 2017. Bottom: HECRAS simulations of the split of flow between Chapel Mires spillway and
continuation down the common lade with different weir settings and dredging assumptions.
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Figure 6. Estimation of the contribution of the Lunan water d/s of Balgavies to the composition of
samplesin Chapel Mires wetland using EMMA. Also shown is the Balgavies lake waterlevel, and the
waterlevelinadipwell atthe culvert between the small wetland and the pondsin Chapel Mires.



