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Abstract. This paper uses high-frequency bankside measurebated by the dry antecedent conditions prior to the storm.

ments from three catchments selected as part of the UKrhe high rate of nutrient transport in each system highlights

government-funded Demonstration Test Catchments (DTC}he scale of the challenges faced by environmental managers

project. We compare the hydrological and hydrochemicalwhen designing mitigation measures to reduce the flux of nu-

patterns during the water year 2011-2012 from the Wylyetrients to rivers from diffuse agricultural sources. It also high-

tributary of the River Avon with mixed land use, the Black- lights the scale of the challenge in adapting to future extreme

water tributary of the River Wensum with arable land use andweather events under a changing climate.

the Newby Beck tributary of the River Eden with grassland

land use. The beginning of the hydrological year was unusu-

ally dry and all three catchments were in states of drought. A

sudden change to a wet summer occurred in April 2012 wherl  Introduction

a heavy rainfall event affected all three catchments. The year-

long time series and the individual storm responses capturedhe European Union Water Framework Directive (WFD)

by in situ nutrient measurements of nitrate and phosphorugEuropean Parliament, 2000) is one of the most ambitious

(total phosphorus and total reactive phosphorus) concentraand encompassing pieces of water policy introduced on an in-

tions at each site reveal different pollutant sources and pathternational basis in recent years (Dworak et al., 2005; Johnes,

ways operating in each catchment. Large storm-induced nu2007a; Liefferink et al., 2011). The aim of the WFD is to

trient transfers of nitrogen and or phosphorus to each strearmaintain and improve the quality of inland and coastal wa-

were recorded at all three sites during the late April rainfall terbodies, largely based on ecological rather than chemi-

event. Hysteresis loops suggested transport-limited delivergal status. It is well documented that, throughout Europe,

of nitrate in the Blackwater and of total phosphorus in the nitrogen (N) and phosphorus (P) enrichment is contribut-

Wylye and Newby Beck, which was thought to be exacer-ing to the degradation of surface and groundwater bodies.
Enrichment of N and P is leading to non-compliance with
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legislation, albeit with different sources, mobilisation mech- quent sediment delivery from upper slopes or bank seepage
anisms, timescales of loss, transformations, attenuation patHer pollutants more associated with particle-bound transport
ways and types of ecological impact (Withers and Lord, (Bowes et al., 2005). Inferences of runoff pathways based
2002; Cherry et al., 2008; Billen et al., 2011; Grizzetti et on concentration—discharge plots are strongest when addi-
al., 2011, Leip et al., 2011). Improved nutrient removal at tional information is available about prominent hydrograph
wastewater treatment plants has been effective at reducingomponents and when source end member concentrations
point source inputs to waterbodies, which means that nonare available (Chanat et al., 2002). However, hysteresis plots
point or diffuse sources are becoming relatively more im-are simple to construct and the different shapes produced can
portant. Improved monitoring has been identified as integralbe used to infer major processes determining pollutant trans-
to the success of the WFD (Dworak et al., 2005; Johnesport, which can inform more intensive studies of source end
2007b; Lloyd et al., 2014) and, therefore, requires a transitiormembers and pathways using isotopes and other geochemi-
from conventional strategic monitoring networks to those cal tracers.
that support a more integrated approach to water manage- The Demonstration Test Catchments (DTC) programme in
ment (Collins et al., 2012). The current national water qual-England is based in three representative catchments (Fig. 1)
ity monitoring performed by the Environment Agency (EA) with different landscape characteristics and farming systems.
in England, despite the deployment of in situ monitoring sta-The aim of the programme is to assess whether new farm-
tions under the National Water Quality Instrumentation Ser-ing practices, targeted to reduce diffuse pollution from agri-
vice (NWQIS), largely consists of monthly spot sampling, culture, can also deliver sustainable food production and en-
particularly for the determination of nutrient chemistry. Such vironmental benefits (LWEC, 2013). Target sub-catchments
infrequent sampling has been widely documented as behave been equipped with high sampling frequency bank-
ing inadequate for representative assessment of water quaside stations which monitor nitrate, total phosphorus (TP)
ity. Weekly sampling typically misses critical storm events, and total reactive phosphorus (TRP) concentrations in the
which undermines characterisation of the close coupling bewater column at each site. Researchers are using the high-
tween hydrological and chemical dynamics, and results infrequency data during the first phase of research to study nu-
erroneous estimation of concentrations and loads (Kirchnetrient dynamics under “business as usual” farm activities be-
et al., 2004; Johnes, 2007b; Palmer-Felgate et al., 2008; Jofere the implementation of a variety of different mitigation
dan and Cassidy, 2011; Wade et al., 2012; Lloyd et al., 2014)measures on participating farms during the second phase of
Even daily samples fail to represent the complexity of diur- research.
nal patterns of many hydrochemical determinands in catch- The aim of this paper is to examine the hydrological and
ments (Kirchner et al., 2004; Scholefield et al., 2005; Wadehydrochemical patterns recorded in the different DTCs dur-
et al., 2012). An accurate understanding of the relative coning the hydrological year 2011-2012, including an exami-
tributions and timing of N and P inputs to rivers and streamsnation a sharp transition from drought stress to flood risk
is important for targeting effective mitigation (Jarvie et al., across much of England in late April 2012 when a large
2010). High temporal resolution water quality monitoring is storm moved over the country. The three study tributaries
central to the science that will allow achievement of WFD from each DTC are: the Wylye tributary in the Hampshire
aims in respect of managing nutrient impacts in the freshwa-Avon catchment, the Blackwater Drain tributary in the Wen-
ter environment (Jordan et al., 2005). sum catchment and the Newby Beck tributary in the Eden
The greatest change in concentration and riverine transeatchment. Antecedent conditions, hydrochemical signals,
port of nutrients often happens during storm events (Evandysteresis loops and export rates have been used to exam-
and Johnes, 2004; Haygarth et al., 2005; Heathwaite et aline the possible nutrient transport mechanisms triggered in
2006; Rozemeijer and Broers, 2007; Haygarth et al., 2012)response to the unusual meteorological conditions captured
Hysteresis patterns in concentration—discharge plots duringn each tributary using data gathered by in situ monitors.
periods of high flow can be used to compare nutrient con-
centrations on the rising and falling limbs of a hydrograph.
Hysteresis loops have frequently been used to infer sourceg Methodology
and potential pathways of pollutants in catchments (Evans
and Davies, 1998; House and Warwick, 1998; McKee et al.,2.1 Site descriptions
2000; Bowes et al., 2005; Ide et al., 2008; Siwek et al., 2013).
“Clockwise” loop trajectories arise from the rapid delivery The location of the three DTCs is shown in Fig. 1 and Ta-
of the pollutant from source to sampling point, which sug- ble 1 provides a summary of the main characteristics of
gests close proximity of the source (Bowes et al., 2005).each catchment. The Cretaceous Chalk, the UK’s princi-
“Anticlockwise” trajectories are likely to be associated with pal aquifer dominates the hydrogeology of the Avon catch-
slower subsurface pollutant pathways in the case of dissolvedhent. The Hampshire Avon and its tributaries have high
determinands (House and Warwick, 1998) and slow transbase flow indices (> 0.7) (Marsh and Hannaford, 2008). The
port of coarse suspended sediment, eroded soil and substpper Greensand unit also supports the baseflow (Soley
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¢ Brixton Deveril -
| Wylye tributary

Figure 1. Location map of the UK showing the three Demonstration Test Catchments: the Hampshire Avon, Wensum and Eden; and the
respective tributaries in each catchment: the Wylye, Blackwater and Newby Beck. The red dots indicate locations of bankside monitoring
stations in the tributary sub-catchments. Sources: National Geographic, Esri, DeLorme, NAVTEQ, UNEP-WCMC, USGS, NASA, ESA,
METI, NRCAN, GEBCO, NOAA, iPC.

et al., 2012). The River Wylye sub-catchment is underlainthe overlying shallow aquifers can be very productive (Allen
by Chalk, with Upper Greensand in the west of the sub-et al., 2014). Farming systems in this sub-catchment tend to
catchment. The Upper Greensand aquifer is underlain bye intensive mixed arable and livestock production; N fer-
Gault Clay providing an impermeable layer which means thattiliser application rates on crops such as winter wheat are
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Table 1. Summary characteristics for the Hampshire Avon, Wensum and Eden DTC tributary sites.

Hampshire Avon Wensum Eden
Sub-catchment Wylye at Brixton Blackwater Drainat  Newby Beck at
Deverill Park Farm Newby
Sampling location ST 868 401 TG 125 246 NY 600 213
(BNG)
Size of catchment 50.2 19.7 12.5
(km?)
Elevation of 189 43 233
sampling point (ma.s.l.)
Aspect ¢ from north) 106 144 282
Soild Sandy loam and silty Chalky boulder clay  Clay loam and sandy
clay loam soils from  and sandy loam soils clay loam soils from
Ardington, from Beccles 1, Brickfield, Waltham
Blewbury, Coombe Burlingham 1 and and Clifton series
and Icknield soll Wick 2 and 3 series
series
Geology Cretaceous Chalk Quaternary glacial Glacial till over
and Upper Greensand till, sands and gravels Carboniferous
over Pleistocene limestone
Crag and Cretaceous
Chalk
Annual average 886-909 655 11674
rainfall (mm)
Baseflow index (BFI) 0.93 0.8¢% 0.3%
Land use Livestock and cereals  Arable crops Livestock

2 From (Robson and Reed, 1999).
b According to National Soil Research Institute classification.
BNG — British National Grid. ma.s.l. — metres above sea level.

typically in excess of 200 kg N ha. Diffuse sources of N  Blackwater tributary is compromised by high rural N, P and
and P dominate stream loads in the headwaters of the Wylysediment inputs.

(Yates and Johnes, 2013), compromising its ecological status The Eden Valley in Cumbria is generally underlain by
under the WFD. Permo-Triassic sandstone, which is classed as a Principal
As in the Hampshire Avon, the Chalk aquifer underlies Aquifer. Sandstone outcrop covers approximately 20% of
the Wensum catchment. To the east of the catchment, théhe catchment. Superficial deposits cover the remaining 80 %
Chalk is overlain by the Pleistocene Wroxham Crag Forma-of sandstone and consist of glacial tills and sands and river
tion of sands and gravels. A complex sequence of Quateralluvium. Generally, these superficial deposits are thin with
nary strata over much of the catchment is formed of glacialless than 2 m thickness over 60 % of the catchment but do
tills, sands, gravels, alluvium, peat and river terrace depositsexceed a thickness of 30 m to the west of Brough. Depth
Low-permeability tills in excess of 15m in interfluve areas to groundwater is significant over much of the Eden catch-
restrict infiltration to the underlying Chalk aquifer (Hiscock, ment (Butcher et al., 2008). Unlike the majority of the Eden
1993; Hiscock et al., 1996; Lewis, 2014). In the Blackwa- catchment, the Newby Beck sub-catchment is underlain by
ter sub-catchment, the western reach is underlain by glacidbw-permeability glacial deposits over Carboniferous lime-
tills with clay-rich, seasonally wet soils developed on chalky stone. Newby Beck is a typical grassland sub-catchment en-
boulder clay, whereas in the eastern reach the deposits contompassing a mixture of dairy and beef production. Fer-

prise glacial sands and gravels with well drained sandy loantiliser application rates on grassland are about 56 kgN ha
soils. The Blackwater sub-catchment is used for intensiveand 17 kg P hal, whereas on arable land, rates are about
arable production with N fertiliser application rates of around 127 kg N ha! with variable slurry applications for P and K.
220kgNha on cereal crops. The ecological status of the The wetter and colder climate in the Eden catchment means
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there are fewer optimal days for cultivation so that seed beds QC procedures include the validation of high-frequency
are established in sub-optimal conditions. This often resultsutrient data using routine daily spot samples in the Wylye,
in less vegetation cover and in some cases, no establishmemeekly spot samples in the Blackwater and monthly spot
resulting in high inputs of sediment and associated P to resamples in Newby Beck. These samples are analysed in lab-
ceiving waters. oratories following standard methods. Inter-laboratory com-
parisons are used to check consistency in analytical proce-
dures between sub-catchments. A Pearson correlation has
been used to assess the strength of relationship between lab-
oratory data and the in situ equipment during the hydrologi-

Each DTC has installed a monltorln_g network in t_arget sub cal year 2011-2012 (Table 1 in the supplementary material)
catchments to measure meteorological, hydrological and hy- o . R
. . . . - . . “where a positive residual represents an over estimation of nu-
drochemical parameters. Rainfall is monitored using tipping, . : e . .
. o ) . : ~trient concentration by the in situ equipment. Corrections of
bucket rain gauges. At all monitoring sites, river discharge is

gauged at 15 or 30 min resolution. In the Wylye, discharge iShlgh—frequency data against laboratory measurements were

X : o not necessary for the data included in this manuscript.
measured at 15 min resolution at an EA flow monitoring sta- : . e :
. : . S QC procedures also include the identification of errors in
tion at Brixton Deverill. Pressure transducers housed in still-

. . all data sets. Errors flagged as critical include: periods of
ing wells in the Blackwater and Newby Beck record stage . o .

. . . maintenance when the data may be unrepresentative; equip-
at 30 min temporal resolution. Stage data are used in com-

C . . ment and power failures; or data below limits of detection.
bination with regular flow gauging data to develop stage- : S . ,

: . . Flagged data were not included in this analysis. Discharge
discharge rating curves. Further data are being collected uss
ST . data from the Blackwater presented here have been smoothed
ing in situ acoustic Doppler flow meters (Argonaut-SW, Son-

tek) in the Blackwater and Newby Beck to estimate dischargeus’Irlg a moving average window of five measurement_s. Q.A
) . . . and QC procedures were followed for all data reported in this

using velocity measured from two vertical acoustic beams, aper

together with the stage and stream profile. Nutrient concenP2Pe"

f[ratlon d"?‘ta are c_ollectet_al at 30 min t_emporal resolution US> 4 Antecedent Precipitation Index calculation
ing walk-in sampling stations located in each sub-catchment.

Each station is equipped with Hach Lange nutrient analy-

2.2 DTC monitoring infrastructure

, . ) A simple antecedent precipitation index (API) was calculated
selrls. /;.er]tratax Plus StC i)robe IS houged ina f[[qw—lthroughfor the three tributaries to represent the antecedent moisture
cell, which measures nitrate (as B using an optical sen- conditions throughout the hydrological year from October

B e w2011 (0 September 2012. The AP! s calculted acordng
Saxt dL 1967) using Eq. (1
to measure P (as TRP and TP), as documented elsewhere o 0" o enz (1967) using Eq. (1)

(Owen et al., 2012; Wade et al., 2012). API; = K(APl,_1+ Pj_1), 1)

2.3 Quality assurance and quality control procedures where j is the number of daysP is the daily precipitation
(mmday 1) andK is a decay constant. The valuelivaries

Quality assurance (QA) procedures are followed during dataseasonally reflecting evapotranspiration losses and is usually

collection. The Nitratax Plus SC sensors are calibrated evbhetween 0.85 and 0.98. A fixed value of 0.9 was chosen for

ery 3 months using a standard solution. The Phosphax Sigmall three sites.

is automatically cleaned and calibrated daily using reagents

that are replaced every 3 months. Additional cleaning of re-2.5 Hysteresis index calculation

movable parts within the Sigmatax is carried out monthly,

with pump tubing replaced every three months. This fre-The concentration—discharge relationships of nitrate, TP and

quency of calibration and maintenance is sufficient to min-TRP, were investigated in each of the events in the Wylye,

imise drift in the in situ measurements. Blackwater and Newby Beck (Figs. 5-7). To aid compar-

Regular maintenance activities are carried out at differentisons between events and sub-catchments, a hysteresis in-

frequencies across the three sub-catchments but involve atex, Hlyig, was calculated using the method outlined by

least monthly cleaning of flow-through cells, weekly clear- Lawler et al. (2006). The mid-point discharg® 4iq) was

ing of in-channel vegetation and debris where stage is monicalculated and the nutrient parameter values were interpo-

tored and cleaning of rain gauges. All DTCs perform manuallated at theQmig for the rising (VrL) and falling (N-)

flow gauging during periods of extreme high and low flows, limbs. Hlynig was then calculated as follows: whekg >

which show good agreement with discharge produced by inVg, Hlmig = (NrL/NFL)—1, or whereNgL < N, Hlpid =

situ flow meters. All field work and maintenance activities (—1/(NrL/NrL)) + 1. The index indicates whether the hys-

are entered into maintenance logs for each site, which ar¢eresis is positive (i.e. clockwise) or negative (i.e. anticlock-

used during data quality control (QC) procedures. wise) — and the higher the index value, the greater the

www.hydrol-earth-syst-sci.net/18/3429/2014/ Hydrol. Earth Syst. Sci., 18, 3428448 2014
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difference in concentration of the nutrient on the rising andand falling limbs during individual storm events. The nitrate
falling limbs of the hydrograph (Table 4). concentrations were much lower in Newby Beck than in the
Wylye and Blackwater. However, similar to the Blackwater,
the nitrate signal was diluted during periods of rainfall at the

3 Results end of 2011 in Newby Beck but from April until July 2012
there were peaks in the nitrate signal in response to peak
3.1 Temporal hydrological and hydrochemical trends runoff. Peak nitrate concentrations were much lower than in

the Blackwater, at around 6 mg N'L. Peaks in the TP signal

Figure 2 shows the high-frequency time series data for theén Newby Beck occurred very rapidly during times of rainfall
three sites from October 2011 to September 2012 for ni-with concentrations frequently exceeding 0.6 mg®.L
trate, TP, discharge, rainfall and API for the Blackwater and
Newby Beck and the same range of variables for the Wylye3.2 Antecedent conditions and April storm response
from March to September 2012. There were step changes in
the Wylye discharge data which were caused by the turningn April 2012 there was higher than average rainfall in each
on and off of a groundwater borehole discharge point, operDTC prior to a large storm which moved across the country
ated by Wessex Water, as a method of stream support duringetween 25 and 29 April. The impact of this storm event was
dry periods, (Fig. 2a). Discharge in the Wylye had relatively monitored in all three of the DTCs and marked the transi-
few individual discharge peaks relating to specific periods oftion from an extreme dry period to a wet spring and summer.
rainfall, but long recessions after extended periods of rain-Table 2 summarises the rainfall characteristics in each DTC
fall when API values were high. The start of the hydrologi- during this transition period. Both the Wylye and Blackwater
cal year was very dry, with discharge increasing only at thehad two storm-flow peaks in response to this storm whereas
end of April 2012. Maximum discharge occurred in two pe- Newby Beck had only one peak, on 25 April. The API values
riods in May, and then again in July to August. The baseflowfor the Wylye, Blackwater and Newby Beck sub-catchments
contribution of nitrate was around 7 mg Nt throughoutthe  before the commencement of the storm were 26, 30 and 10,
monitored period. The nearest borehole to the sampling pointespectively, showing that soils had already begun to wet up
had an average nitrate concentration of 6.9 mgi.LThe in the Wylye and the Blackwater sub-catchments, while con-
baseflow nitrate signal was consistently diluted during stormditions in the Newby Beck sub-catchment were extremely
periods. The TP record shows that some large peaks occurredty until the storm event. API values increased to a maxi-
in the year, reaching 1 mg P during the late April storm.  mum of 74, 44 and 20 in the Wylye, Blackwater and Newby
Large peaks, however, appear to be relatively infrequent, ocBeck, respectively, during the April storm. The higher start-
curring only at times with high API values. ing API and maximum rainfall totals resulted in the largest

The Blackwater also experienced a dry winter in 2011—event API value in the Wylye, whereas the lowest starting
2012 but with some heavier rainfall in January and March.API value and the lowest rainfall total in Newby Beck ex-
Despite the rainfall in January 2012, discharge only re-plained the smallest of the maximum event API values of the
sponded with the onset of rainfall in March and then againthree sub-catchments.
in April and May for a more sustained period. The hydro- To put these storms at the end of April 2012 into con-
graph showed long recession limbs during individual eventstext, exceedance curves for (a) flow, (b) nitrate concentra-
but to a lesser extent than the Wylye. Nitrate concentrationgion and (c) TP concentration for each of the monitoring sites
in the Blackwater showed dilution patterns from October to were calculated using data from one hydrological year (Oc-
December in response to rainfall in the sub-catchment. Frontober 2011-September 2012). These plots (Fig. 3) show the
January onwards peaks in nitrate concentration beyond theonditions in each sub-catchment prior to the hydrological
baseflow concentrations were observed, with concentratiomesponse and at peak response during the late April event.
maximum of 14 mgN L1, Nitrate peaks became less pro- It should be noted that there are substantial gaps in the TP
nounced by August 2012. There were large gaps in the TRind nitrate record for the Wylye and the TP record in the
record due to equipment failures. From the available recordBlackwater owing to equipment malfunction. The flow du-
it is clear that TP concentrations responded quite rapidly toration curve plot (Fig. 3a) shows that prior to the onset of
rainfall and increased discharge throughout the year and evethe first event in the Wylye, flow conditions were very low
to small events. Peak TP concentrations were commonlyelative to the rest of the year (87.9 % exceedance), parallel-
around 0.15 mg Pt! which were much lower in the Black- ing the dry antecedent soil conditions. The first rainfall event
water than in the Wylye and Newby Beck sub-catchments. caused a small hydrological response (18.2 % exceedance)

In contrast to the Wylye and the Blackwater, the winter but flows receded quickly before the second, more extreme
rainfall at the end of 2011 in the Newby Beck sub-catchmentevent occurred (0.02 % exceedance). In the Blackwater, by
was fairly typical but, similar to the Wylye, Newby Beck had contrast, there were already relatively high flows before the
unusually dry conditions for the early part of 2012 until the first event (5.9 % exceedance), due to heavy rainfall at the
late April event. The discharge record showed steep risingend of March and continued wet conditions in April 2012.
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Figure 2. Plots showing rainfall, river discharge, API, nitrate and TP for the hydrological year 2011-20(&8 fémmpshire Avon Wylye
tributary, (b) Wensum Blackwater tributary arfd) Eden Newby Beck tributary. The shaded area indicates the storm event between 25 and 29
April 2012 examined in this paper. The operation of groundwater pumping for stream support is shown for the Wylye (see further explanation
in Sect. 3.1).
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Hence, in this sub-catchment, both events resulted in extreme
high flows (0.04 and 0.9 % exceedance, respectively). Newby
Beck had a relatively low flow prior to the event (61 % ex-
ceedance), but a high discharge maximum was recorded dur-
ing the event (0.6 % exceedance). The rainfall associated
with this storm event analysis resulted in high flows in all
three sub-catchments, regardless of antecedent soil moisture
conditions.

The nitrate exceedance curve for the Wylye (Fig. 3b)
shows that there was little variation in concentration for the
period monitored in the year. Stream nitrate concentration
was 6.3mg N L1 before the rainfall commenced, which was
diluted during both hydrograph events (5.3 and 2.7 mgf L
and 97.6 and 99.6 % exceedance, respectively). During the
second event, one of the lowest concentrations of the year
was detected. In contrast, nitrate concentrations in the Black-
water prior to both events were relatively high (6.5 and
7.0mgN L and 31.8 and 9.7 % exceedance, respectively).
The peak responses were amongst some of the highest nitrate
concentrations recorded in the hydrological year (13.5 and
11.6mgNL ! and 0.8 and 1% exceedance, respectively).
There were no nitrate data for Newby Beck during this event
as the nitrate sensor was not working.

Pre-event TP concentrations were low in all three sub-
catchments, with a pre-event concentration and exceedance
of 0.1mgP L1 and 97.2%, respectively, in the Wylye;
0.03mgP Lt and 82.6%, respectively, in the Blackwater
and 0.03mg P ! and 92.7 % respectively, in Newby Beck
(Fig. 3c). All three tributaries had high P concentrations dur-
ing the peak of the first event with concentrations and ex-
ceedance of 0.89mgPt and 0.3% respectively, in the
Wylye; 0.33mgP L1 and 0.4 % respectively, in the Black-
water and 1 mgPt! and 0.003% respectively, in Newby
Beck. During the second event in the Wylye, similarly high
concentration and exceedance were recorded (0.97thg L
and 0.02 %, respectively), whereas in the Blackwater a lower
concentration and exceedance were recorded (0.1Thg L
and 19.4 %, respectively) during the second event.

3.3 Hydrograph response

A total of 88 mm of rainfall was recorded in the Wylye dur-
ing the large, drought-ending event which occurred on 25—
26 April (45mm) and 29 April (43 mm). The total rainfall
in the Wylye was the highest of the three tributaries. The

the Hampshire Avon Wylye tributary, Wensum Blackwater tributary first amount of rainfall resulted in a small discharge max-
and Eden Newby Beck tributary. Open circles illustrate pre-eventimum of 0.3 n$ s 1 (<0.1mm i, 134 % of pre-event dis-
values and filled circles illustrate peak-event values. Two stormcharge), followed by a second larger peak of 13t on 29

events are recorded in the Wylye and the Blackwater, numbered %\pril (0.1 mm 1
and 2, with storm 1 from 25-29 April and storm 2 from 29-30 April f

2012.
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, 361 % of pre-event discharge (Fig. 4a).
In the Blackwater, the total rainfall between the 25 and 26 of
April was 19 mm, which largely fell on the 25 April. A max-
imum discharge of 1.4As™1 was recorded (0.3 mnTH,
699 % of pre-event discharge; Fig. 4b). Another 20 mm of
rain was recorded between 27 and 29 April, resulting in a
second discharge peak on the 29 April with a maximum flow
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of 0.9ms™1 (0.2mmhl, 213% of pre-event discharge). started in a clockwise direction (Fig. 5a). The second event
In Newby Beck the total rainfall between 25-27 April was (Fig. 5b) produced a figure-of-eight shaped loop in the Wylye
32mm, with 79% falling on 26 April, resulting in max- which remained clockwise on the falling limb, hence the pos-
imum flow of 3.7n¥s™? (I mm 1, 2425% of pre-event itive Hipig value. In the Blackwater, the clockwise nitrate

discharge; Fig. 4c). A small amount of rainfall was also loops for both events started and ended from the bottom left
recorded on 29 April, but there was little response recordedf the plot (Fig. 5¢ and d), as opposed to the top left of the

in river discharge. plot in the case of the Wylye. The K value in the Black-
water was higher for the first event than the second (Table 4).
3.4 Nitrate, TP and TRP chemograph response The TP loop for the first event in the Wylye was anticlock-

wise (Fig. 6a) with a negative Ky value (Table 4). In the
The chemographs for nitrate, TP and TRP during the studysecond event, the loop was a figure-of-eight shape (Fig. 6b),
event have showed very different responses in the Wylyewhich was mostly clockwise with a positive ik value (Ta-
Blackwater and Newby Beck sub-catchments (Fig. 4). In theble 4). The TP concentration exceeded the 1 mgPlimit
Wylye, the stream nitrate chemograph showed dilution withfixed by the instrument at that time. In the Blackwater, both
the onset of rainfall, the second event showing greater di-TP (Fig. 6¢c and d) and TRP concentrations (Fig. 7c and
lution than the first. In the Blackwater, by contrast, after ad) produced clockwise loops in both events. Concentrations
small initial dilution in nitrate, concentrations increased far were lower in the second event, producing a substantially
above pre-event values, which peaked after maximum distower Hiyg value (Table 4). In Newby Beck, TP and TRP
charge. The nitrate chemograph had a very long recessioproduced very different shaped loops. The TP loop was nar-
limb which spanned several days. The peak nitrate concenrow but steep (Fig. 6e) with a small clockwise trajectory at
tration was higher in the first event. The chemograph for TPthe beginning, followed by a second, larger clockwise tra-
in the Wylye had a very steep rising limb and a much shal-jectory for the remainder of the rising limb, which switched
lower falling limb, which peaked at the same time as dis-to an anticlockwise trajectory on the falling limb. The small
charge in the first event but slightly after in the second eventsHI g value was negative (Table 4). The TRP loop had two
Peak TP concentrations were similar between the first andlockwise trajectories followed by a large anticlockwise tra-
second events. TP and TRP chemographs in the Blackwatgectory on the falling limb, hence the negative il value
had steep rising limbs which peaked before maximum flow in(Fig. 7c; Table 4).
the first event but had little response in the second. In Newby
Beck the TP chemograph had a double peak on the steep ri®.6 Discussion
ing limb, which peaked roughly at the same time as discharge
and had a shallower falling limb. The TRP chemograph by4 Longer-term hydrological and hydrochemical
contrast, had three small peaks, the largest of which occurred dynamics
after maximum discharge, again with a long recession limb.

Stream N and P loadings were also calculated for eactWith high-frequency monitoring it is possible to infer a great
rainfall event listed in Table 3, along with total stream flow deal about general influences on riverine water quality (Jor-
volumes. For the purposes of this paper, load calculatiordan et al., 2005, 2007; Halliday et al., 2014). The discharge,
did not include any estimation of the associated uncertaintynitrate and TP records from the monitoring stations from a
Nitrate-N exports were an order of magnitude higher in thewater year reveal that hydrological processes and nutrient dy-
Blackwater than the Wylye, exporting over a tonne of N namics were different between the three sub-catchments. In
in each event. The first event in the Blackwater had thethe Wylye, the high nitrate concentration in the chalk aquifer
highest load with an export yield to downstream reaches ofis likely to account for the relatively stable trend in nitrate
0.69kg N hal. TP exports were slightly higher in the Wylye concentrations in the channel, diluted at times of rainfall. The
and Newby Beck compared to the Blackwater. The high-dilution of nitrate concentration during events is likely due
est TP export observed was from the second event in th¢o the delivery of relatively low-nitrate water flushed to the
Wylye with an export yield of 0.01kg P ha. TRP exports  stream from near-surface sources, which dilutes the relatively
were, again, comparable, with very similar export rates inhigh-nitrate water delivered to the stream from the chalk
the Blackwater and Newby Beck of around 0.004 kg Pha  aquifer. Nitrate concentrations increased on the falling limb

of the hydrograph in line with classic nitrate dilution trends
3.5 Hysteresis response reported for permeable catchments in a range of prior pub-

lications (Burt et al., 1988; Johnes and Burt, 1993). During
During the first rainfall event, nitrate hysteresis plots showedstorm events in April and July TP concentrations increased
anticlockwise trajectories in both the Wylye and Blackwater, and peaked at the same time as the highest API values, repre-
but the shapes of the loops were very different. The overallsenting the flushing of P-rich near-surface sources activated
trajectory of the first hysteresis loop in the Wylye was anti- during periods of high saturation in an otherwise subsurface-
clockwise with a negative K4 value (Table 4), although it driven sub-catchment. This is supported by results reported
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Table 2. Storm event rainfall characteristics in each tributary.

Wylye Blackwater Newby Beck
Event 1 Event2 Eventl Event 2 Event 1
Date (2012) 25-26 April 29 April  25-26 April  27-29 April  26-27 April
Total rainfall (mm) 45 43 19 20 32
Max intensity (mmhl) * * 5 1.8 4.1

* Data not available in the Wylye during the storm event.

Table 3. Nutrient fluxes for each storm event in the Wylye, Blackwater and Newby Beck as absolute load and export.

DTC Event Total flow NO3-N TP TRP
volume
(m?)
(mm)
Load Export Load Export Load Export
(kgN) (kgNha't) | (kgP) (kgPhal) | (kgP) (kgPhal)
1 24437 90 0.018 13 0.003 - -
Wylye 0.4
2 90275 359 0.075 56 0.011 - -
1.6
134430 1364 0.692 14 0.007 8 0.004
Blackwater 6.8
2 96 506 1005 0.510 6 0.003 4 0.002
4.9
Newby Beck 1 230846 | — - 13 0.009 5 0.004
16.5

by Yates and Johnes (2013) in a wider study of nutrient hy-uary 2012, nitrate peaks which exceeded the baseflow con-
drochemistry dynamics captured at daily sampling frequencycentration during the recession periods of individual storms
at multiple sites in the Upper Wylye catchment with P flush- coincided with higher API values. The nitrate peaks were at-
ing to the river from bankside septic tanks during extremetributed to greater levels of saturation in the sub-catchment
high-flow events. In the Blackwater tributary, groundwater which would cause a greater number of tile drains to flow into
in the underlying chalk aquifer has very low nitrate concen- tributary streams containing high nitrate concentrations from
trations (<0.1mgNL?) due to the restriction of recharge mineral fertiliser inputin the upper part of the sub-catchment.
through the cover of low permeability clay loam soils de- The frequent occurrences of TP peaks even with small rain-
veloped on thick glacial deposits. The year-round baseflowfall events show that P is easily mobilised. Sediment finger-
nitrate concentration of around 4 mg Nt at the monitor-  printing investigations carried out in the western part of the
ing point is most likely derived from the high nitrate input of Blackwater suggest that clay-rich topsoils contribute propor-
the western tributaries in the sub-catchment which have moréionally more to the suspended particulate matter load mea-
impermeable clay soils, high nitrogen inputs from arable landsured in the stream at the beginning of storm events, whereas
and a dense network of tile drains. Weekly sampling of tile calcium-rich, less weathered subsoils exposed in the eroded
drain discharge has shown that nitrate concentrations werstream channel bank contribute proportionally more during
frequently between 3 and 20 mg N't, with concentrations  the recession period (Cooper et al., 2013) — with the former
in some of the deeper more continuously flowing drains oflikely to be rich in P due to the arable field origin.

around 10mgN L1, even in the summer months. The up-  The operation of rapid runoff response pathways (surface
ward gradient of low-nitrate, deeper groundwater sourcesrunoff and preferential flow in drains) and the lower base-
through the more permeable glacial deposits upstream of théow index (Table 1) explain the flashy nature of Newby
sampling point is thought to dilute this higher nitrate signal Beck. Groundwater contribution to streamflow is likely to
arriving from upstream. From October to December 2011,be much less important during storm flow than in the other
the dilution of stream nitrate with rainfall events occurred at sub-catchments due to the depth of the aquifer, particularly
times when the API values were low. From the end of Jan-after a period of drought during which groundwater recharge
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Figure 5. Concentration—discharge plots showing nitrate hysteresis during storm evdatsbirthe Hampshire Avon Wylye an(t—d)
Wensum Blackwater tributaries.

might be expected. The very low nitrate concentrations un-Table 4. Summary of the hysteresis index valuesgigl for nitrate,
der baseflow conditions were due to the lower inputs fromTP and TRP in the Wylye, Blackwater and Newby Beck.
nitrogen fertilisers, as arable farming only makes up a small
proportion of the land use, and there is no nitrate-rich base- DTC Event NGQG-N TP TRP
flow contribution in this tributary. The series of nitrate peaks 1 018 -3.16 _
observed between April and July 2012 (Fig. 2) are likely — Wylye

to reflect a combination of both incidental and preferen- 2 0.11 019 -
tial transfers of nitrate as a response to spreading of animal Bjackwater 1 -108 225 24
wastes and fertilisers, and the flushing out of mineralised ni- 2 -0.43 0.48 0.63
trate which accumulated in soil runoff pathways as a result  Newby Beck 1 - -0.02 -0.82
of the winter drought period. Rapid surface runoff genera-
tion exacerbated by extensive soil compaction from livestock

trampling and silage production is thought to be responsible . . ] ]

for soil erosion, resulting in the rapid response in TP con-‘:/:e:?’ d:jamedl302|I80(88u5t0it2:?ﬂi\,/|1IS|988(,onhnes| agngzurt,l 1933’

centration to increasing flow at the sampling point. Tram- elland et al., ' » Vietianaer etal, . ) In the
Blackwater sub-catchment, nitrate concentration on the re-

lines created by farm machinery also promote high connec- S )
cession limb of storm events frequently remained elevated

tivity between sources and receiving waters by channellin . . ;
y 9 y gfor several days at times of high saturation. Such long reces-

flow downslope. Tile drain flow is also likely to be a signif- iod b . tant for th logical stat
icant rapid response pathway once soils have reached fiedOn PEnods may become important for the €cological status

capacity. The hydrochemical trends revealed by the bank-o.f i} eceivi_n g waters as they may persist into ecologically sen-
side monitors are in agreement with the international Iiter-smve periods, such as late spring and earlysummer low flows
ature. Subsurface N transport dominates in sub-catchmem@/Iellander etal., 2012) when reduced flow, higher tempera-

with permeable soils and geology, whereas near surface ﬁjres and grea_ter light availability favour algal growth (Mul-
transfer dominates in sub-catchments with poor to moder- olland and Hill, 1997). Permeable catchments such as the
Wylye and the Blackwater are common throughout the UK
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Figure 6. Concentration—discharge plots showing TP hysteresis during storm evedatshithe Hampshire Avon Wylye(c—d) Wensum
Blackwater ande) Eden Newby Beck tributaries.

and much of temperate northern Europe. Therefore, in catchwards reducing nitrate leaching in vulnerable areas (Di and
ments dominated by subsurface flow, improving groundwa-Cameron, 2002). Over time the reduction in leaching will
ter quality is essential in order to support good surface watetead to a depletion of vadose zone and groundwater stores
quality (Rozemeijer and Broers, 2007; Allen et al., 2014). of nitrate, which will subsequently reduce stream N loads,
Mitigation strategies which target reductions in nitrate leach-although this reduction may be unachievable in chalk catch-
ing include the use of cover crops over winter, limiting N ap- ments within WFD target timescales (Jackson et al., 2008).
plication prior to periods of high drainage, reducing net N in-  For catchments such as Newby Beck, where rapid flow re-
puts to the soil system, synchronising N supply with plant de-sponse pathways dominate, mitigation measures are required
mand and the use of nitrification inhibitors (Di and Cameron, that will attenuate these pathways (Wilkinson et al., 2010;
2002; Hansen et al., 2007; Hooker et al., 2008; Premrov eWilkinson et al., 2013), including reducing runoff and ero-
al., 2012). Preventing the accumulation of N in the soil pro- sion on tracks and tramlines (Deasy et al., 2009a, b), trap-
file before the leaching season starts is an important step tging pollutants in edge-of-field areas (Deasy et al., 2010;
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Figure 7. Concentration—discharge plots showing TRP hysteresis during storm evéatb)ithe Wensum Blackwater arfd) Eden Newby
Beck tributaries.

Ockenden et al., 2012, 2014; Wilkinson et al., 2014) and alsqFig. 2b) but these loops show that there was still abundant
promoting strategies that aim to reduce soil compaction.  nitrate in the sub-catchment which had not been exhausted
by earlier events and would, therefore, appear to be transport

4.1 Short-term hysteretic behaviour limited (Edwards and Withers, 2008). Shallow groundwater
can contribute more nitrate to stream water during the re-
4.2 Nitrate cession period of flood events, after the rise of the zone of

saturation towards upper soil layers enriched by the accumu-

Inthe Wylye, the API value was elevated before the late April lated nitrate pool (Rozemeijer and Broers, 2007; Oeurng et
storm and there had already been some more gradual dilwal., 2010). Soil water extracted at 90 cm depth from porous
tions in the baseflow nitrate concentration due to rainfall in pots contained nitrate concentrations of up to 24.5mgh L
the earlier part of April (Fig. 2a). The highest API value for in the clay loam soils under arable cultivation in the upper
the entire year occurred during the second event, which coinBlackwater. Soil nitrate would be easily mobilised by such
cided with a large dilution in stream-water nitrate concentra-events when there is connectivity of groundwater with up-
tion. The thickness of the unsaturated zone and the distancger soil layers via under-drainage. Anticlockwise hysteresis
to the river influences the travel time of event water in chalk trajectories due to high concentration peaks during spring
catchments (Gooddy et al., 2006; Jackson et al., 2006). Thetorm events in other catchments have been attributed to the
multiple dilutions of the nitrate-rich baseflow of this river is, dominance of the subsurface pathway during hydrograph re-
therefore, likely to be a result of the arrival of event water via cession combined with the timing of fertiliser application to
multiple pathways with distributed travel times, resulting in winter wheat in January to April (Ferrant et al., 2013).
anticlockwise hysteresis loops (Fig. 5a and b).

The anticlockwise loops in the Blackwater (Fig. 5¢ and d)
suggest substantial transport of nitrate to the stream as op-
posed to the dilution of baseflow concentrations observed in
the Wylye. The event studied in detail here was not the first
to occur since the end of the drier than average winter period
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4.3 Phosphorus and molybdate-reactive particulate P which had a delay in
reaching the stream. As the sub-catchment wetted up and
In the Wylye, remobilisation of channel bed sediments de-slower sub-pathways were activated, the dissolved forms of
posited from the first event may account for the initial clock- P could become well mixed and transported in the soil matrix
wise TP hysteresis in the second event (Eder et al., 2014)Haygarth et al., 2004). The API before the start of this event
followed by the delayed delivery of the more distant compo-was low due to low rainfall in preceding months, representing
nent (Fig. 6a and b), though flushing of P-rich effluent from the dry soils. The disproportionately large TP peak produced
bankside septic tanks could also account for this behavioufrom the flow generated reflects the lack of previous storms
(Yates and Johnes, 2013). TP concentrations in both eventand associated source exhaustion, unlike in the Blackwater.
reached a concentration of at least 1 mg® showing that  The event which followed had a greater discharge and API
TP sources were not exhausted by the first event which had but a smaller TP peak. This finding is in agreement with Ide
smaller flow volume, suggesting that delivery of P from dif- etal. (2008) that the mobility of particulate P increases as soil
fuse catchment sources was transport limited (Edwards andonditions become drier and Stutter et al. (2008) that steeper
Withers, 2008). The API value in the Wylye before the com- gradient headwater streams are high-energy systems which
mencement of the storm was elevated from earlier rain inquickly mobilise P during times of rainfall.
April, yet TP concentrations were fairly constant before this
event (Fig. 2a). The lack of TP transport in March and April 4.4 Relationships between water quality and
may indicate a build-up of P soil reserves. Other authors cite ~ Meteorological conditions
soil erosion on upper slopes, bank seepage and remobilisa- , )
tion of coarse-bed sediment and associated P for anticlock] N€re is no close modern parallel in the UK to the hydrom-
wise hysteresis in headwater streams (Bowes et al., 2005). eteorological conditions experienced over the first half of

In the Blackwater, clockwise TP and TRP hysteresis loops2012. With widespread drought at the beginning of the year
(Fig. 6¢ and d and Fig. 7a and b) indicate the flushing offollowed by sudden drought recovery beginning in late spring

a rapidly available source such as topsoil (Cooper et a|_§nd early summer when evaporation rates normally exceed

2013), remobilised bed-sediment (Ballantine et al., 2009),ainfall (Marsh and Parry, 2012). The rainfall from April-
field drains and in-wash of P from the river banks (Laubel et?Un€ 2012 in England was nearly three times that of the pre-

al., 2000: Bowes et al., 2005: Cooper et al., 2013), while road*®ding 3 months, which had not been experienced in over
runoff was also likely to be a source (Collins et al., 2010). ©n€ hundred years (Marsh and Parry, 2012). The effects of

There were several TP (Fig. 2b) and TRP peaks as a resufither national droughts on water quality in the L_JK havg been
of events in March and early April. Mobilisation of P dur- documenteq, such as .the drpught of 1976, which maln.ly fo-
ing these events may explain the rapid response in the everfft“sed on nitrate flushlng. Wlth thg onset of _autumn rainfall
studied here as re-suspension of previously transported P, arjl English catchments with differing geologies (Foster and
would also explain source-limitation during the second eventValling, 1978; Burt et al., 1988; Jose, 1989). The high ni-
(Bowes et al., 2005; Jordan et al., 2005, 2007). The clockirate concentrations detected instream ther the drought pe-
wise trajectories are in agreement with other studies of underid were attributed to severe desiccation and subsequent

drained clay soils, attributed to the flushing of fine sedimentWetting of soil resulting in increased rates of mineralisa-
partiCleS from field drains during the riSing limb of a storm tion of organic N and nitrification. The effects of localised
(Djodijic et al., 2000). drought on P losses from UK catchments have been less well

The difference in shape of the TP and TRP hysteresis |Oopglocumented although e_luthors pre_viously have recorded that
in Newby Beck indicate different sources or pathways of P incatchment P retention increased in a small groundwater-fed

this sub-catchment (Fig. 6a and 7a) (Haygarth et al., 2004)catchment in the east of England over a 4-year drought pe-
The initial clockwise trajectories for both TP and TRP may f10d between 1988 and 1992 due to plant uptake (Boar et al.,

be a result of rapid mobilisation of a source close to the1999)- Others point to markedly reduced P concentrations

steam or in the stream itself that was equally composed ofStréam in dry water years compared to wetter water years

reactive and particulate forms of P, perhaps due to runofPrior and Johnes, 2002; Evans and Johnes, 2004; Evans et
from farmyards (Hively et al., 2005; Withers et al., 2009). & 2004), and suggest that P accumulation in the catchment,
The second, larger TP clockwise trajectory was most |ike|ycomb|ned with reduced efficiency of delivery pathways link-

the result of overland flow transporting particulate and col-N9 Source to stream, and lack of flushing of accumulated
loidal P fractions, responding to the physical energy of theSiréam sediment P stores, accounts for these trends. The
period of heaviest rainfall (Haygarth and Jarvis, 1997), per_h_|ghe_st particulate P concentratllons recorded in a Iowlapd
haps due to soil compaction through animal grazing and farnfiVer in the south of England during a 3-year period were in
machinery traffic. Although TRP was present, it comprised a@Utumn 1997 after a prolonged drought period due to the ac-
much smaller part of the TP signal at this stage. The largéfumulation of P-rich sediment (Jarvie et al., 2002).
anticlockwise TRP trajectory on the falling limb may be ex-

plained by the sub-surface transport of dissolved, colloidal
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Although the API values show that moisture conditions matic samplers are triggered several times a year, key storm
were not identical among the three sub-catchments prior tdransfers may be missed outside of deployment periods and
the onset of the storm event that affected the whole coundetails such as the number of bottles available or the trigger
try on the 25 April 2012, all three sub-catchments were inthreshold may dictate whether selected events are captured in
states of drought. The late-April storm event marked the tran{full. High-frequency monitoring equally captures fine-scale
sition from a dry winter to a wet summer in all three sub- patterns during baseflow which may highlight new avenues
catchments. The states of drought which commenced durfor research on catchment nutrient transfer processes, such as
ing 2011 could have led to the accumulation of nitrogen andthe significance of chronic less rainfall-dependent P transfers
phosphorus stored in the three sub-catchments. Fertiliser apn the eutrophic state of streams during low flows (Jordan et
plications in the spring could have further contributed to theal., 2005).
build-up of nutrients in sub-catchment soils. The increased Hysteresis is usually not taken into account in load esti-
nutrient reserves combined with high rainfall inputs in April mation techniques (Eder et al., 2010). The hysteresis loops
resulted in large peak concentration exceedance (Fig. 3) andonstructed for the three sub-catchments during the period
fluxes (Table 3) of nitrate in the Blackwater and TP in all studied here reveal differences between the study areas and
three sub-catchments, but particularly Newby Beck duringamong events within the same sub-catchment. Load esti-
the late April storm. Although the three sub-catchments havemations have been improved by accounting for hysteresis
different characteristics, they all showed signs of transport{Drewry et al., 2009; Eder et al., 2010), by using iterative pa-
limited transfers of nutrients during this large event; nitrate rameter fitting techniques (Moliere et al., 2004) and creating
in the Blackwater and TP in the Wylye and Newby Beck. Jor- individual models according to season, hydrograph limb and
dan et al. (2007) categorise such nutrient transfers as “acutélow for long-term data sets (O’'Connor et al., 2011). Even
storm-dependent transfers”, which were found to make upa small amount of carefully monitored high-frequency water
92 % of the 6-month TP flux in a flashy, grassland head-quality data can be valuable in increasing understanding of
water catchment in Ireland. The authors state that under theoncentrations, flow and catchment-scale processes (Drewry
WEFD it is advisable to implement catchment managementet al., 2009).
necessary to reduce diffuse transfers of this type to reduce
the annual P flux to receiving waterbodies. This paper sup-
ports this finding and proposes that the same principle applies Conclusions
to the acute storm-dependent nitrogen transfer in the Black-
water and other lowland, under-drained, arable catchmentslydrochemical trends in three different sub-catchments have
throughout temperate Europe. The total proportion of agri-been identified using high-frequency water quality data as
cultural land that is underdrained in Europe can range frompart of the DTC project. Data from such long-term moni-
33% in the UK to 93 % in Finland (De la Cueva, 2006). The toring infrastructure can be used to investigate relationships
high nutrient transfers identified here underscore the scale dbetween potential environmental influences on water quality,
the challenges faced by environmental managers when desuch as meteorological conditions, as discussed here, or land
signing mitigation measures to reduce the flux of nutrientsuse change using on-farm interventions, to be explored in the
to UK river systems from diffuse agricultural sources. Envi- second phase of the DTC project. Hysteresis loops are simple
ronmental factors, such as prolonged dry periods, exacerbat® construct from high-frequency chemistry and discharge
the challenge by increasing the likelihood of acute flushes ofdata and form a good basis for informing further research into
pollution when rainfall does occur. Future mitigation options catchment processes. Hysteresis patterns also highlight the
available to land managers need to reflect the heterogenesomplex relationship between discharge and concentration,
ity of pollutant sources and pathways acting across differenwhere high-frequency data, such as those demonstrated here,
landscapes and land use under varying antecedent conditionate essential for improving load estimation. In agreement

with other authors we have identified acute, storm-dependent
4.5 The benefits of high-frequency water quality transfers of P in all three sub-catchments as a result of a

monitoring large storm following a dry period. In addition, we identified

acute, storm-dependent transfers of N in the drained, low-
The potential benefits of bankside nutrient analysers havéand, arable Blackwater sub-catchment. Such storm transfers
been widely discussed (Jordan et al., 2005, 2007; Palmerare likely to be repeated in similar catchments throughout
Felgate et al., 2008; Wade et al., 2012). The characterisaEurope and require focused mitigation in order to achieve
tion of catchments using semi-continuous hydrological andWFD targets. The spectrum of pollution sources and path-
hydrochemical data sets avoids bias towards particular samways highlighted by the high-frequency monitoring repre-
pling regimes. Extreme events, such as recorded here, can lsents the continuing challenge for environmental managers in
put in the context of the actual range of variation in com- mitigating against nutrient pollution from diffuse catchment
plete hydrological years, which is often unknown without sources, and also in responding to climate change. Emerging
high-frequency measurements. Even in cases where autagesearch initiatives in the UK and elsewhere, including the
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DTC programme, are now beginning to address water qual- glian drought, Water Res., 29, 2167-2173, 10i1016/0043-
ity issues and climate change through integrated understand- 1354(95)00034;11995. _
ing of catchment processes and nutrient cycling to informBowes, M. J., House, W. A., Hodgkinson, R. A., and Leach, D. V.:

policy implementation and adaptation responses in nutrient- Phosphorus-discharge hysteresis during storm events along
enriched catchments. a river catchment: the River Swale, UK, Water Res., 39, 751—

762, doi10.1016/j.watres.2004.11.022005.
Burt, T. P., Arkell, B. P, Trudgill, S. T., and Walling, D. E.: Stream

The Supplement related to this article is available online nitrate levels in a small catchment in south west England over
at doi:10.5194/hess-18-3429-2014-supplement a period of 15 years (1970-1985), Hydrol. Process., 2, 267—-284,
PP doi:10.1002/hyp.3360020307988.

Butcher, A., Lawrence, A., Mansour, M., Burke, S., Ingram, J.,
and Merrin, P.: Investigation of Rising Nitrate Concentrations
in Groundwater in the Eden Valley, Cumbria, British Geological

AcknowledgementsThe DTC programmes in the Eden, Hamp-  Survey Keyworth, Nottingham, 2008.

shire Avon and Wensum catchments are funded by the DepartmerfEhanat, J. G., Rice, K. C., and Hornberger, G. M.: Consistency of
for Environment, Food and Rural Affairs (Defra) (projects patternsin concentration-discharge plots, Water Resour. Res., 38,
WQO0210, WQO0211 and WQO0212, respectively) and are further 22-21-22-10, doit0.1029/2001WR000972002.

supported by the Welsh Assembly Government and the Envi-Cherry, K. A., Shepherd, M., Withers, P. J. A., and Mooney, S. J..
ronment Agency. The Eden project consortium (Eden DTC, Assessing the effectiveness of actions to mitigate nutrient loss
www.edendtc.org.ukincludes Lancaster University, University of from agriculture: a review of methods, Sci. Total Environ., 406,
Durham, Newcastle University, Eden Rivers Trust, Centre for Ecol- 1-23, doi10.1016/j.scitotenv.2008.07.012008.

ogy and Hydrology, British Geological Survey and Newton Rigg Collins, A., Ohandja, D. G., Hoare, D., and Voulvoulis, N.: Imple-
College. The Hampshire Avon project consortium (Avon DTC, menting the water framework directive: a transition from estab-
http://www.avondtc.org.ul/includes Rothamsted Research-North  lished monitoring networks in England and Wales, Environ. Sci.
Wyke, ADAS, Queen Mary University of London, the Universities ~ Policy, 17, 49-61, doi0.1016/j.envsci.2011.11.003012.

of Bristol, Exeter and Reading, and the Game and Wildlife Collins, A. L., Walling, D. E., Stroud, R. W., Robson, M., and Peet,
Conservation Trust. The Wensum project consortium (Wensum L. M.: Assessing damaged road verges as a suspended sediment
DTC, www.wensumalliance.org.)kincludes the University of source in the Hampshire Avon catchment, southern United King-
East Anglia, the Environment Agency, Anglian Water Services dom, Hydrol. Process., 24, 1106-1122, @6i1002/hyp.7573

Ltd, British Geological Survey, Farm Systems & Environment, 2010.

NIAB-TAG, Cranfield University and AMEC plc. All three Cooper, R. J., Rawlins, B. G., Lézé, B., Krueger, T., and His-
consortia are grateful for the assistance of farmers and land owners cock, K. M.: Combining two filter paper-based analytical meth-
in their relevant sub-catchments for providing access to monitoring 0ds to monitor temporal variations in the geochemical proper-

sites. ties of fluvial suspended particulate matter, Hydrol. Process.,
doi:10.1002/hyp.99452013.
Edited by: L. Wang De la Cueva, P.: Identification of Agricultural Areas in Europe Sub-

ject to Different Types of Field Drainage. MSc Thesis, School
of Applied Sciences, National Soil Resources Institute, Cranfield
University, Silsoe, UK, 2006.
References Deasy, C., Heathwaite, A. L. H., Brazier, R. E., and Hodgkin-
son, R.: Pathways of runoff and sediment transfer in small
Allen, D. J., Darling, W. G., Davies, J., Newell, A. J., Gooddy, D.  agricultural catchments, Hydrol. Process., 23, 1349-1358,
C., and Collins, A. L.: Groundwater conceptual models: implica-  doi:10.1002/hyp.72572009a.
tions for evaluating diffuse pollution mitigation measures, Quart. Deasy, C., Quinton, J. N., Silgram, M., Stoate, C., Jackson, R.,
J. Eng. Geol. Hydrogeol., 47, 65-80, 2014. Stevens, C. J., and Bailey, A. P.: Mitigation Options for Phos-
Ballantine, D. J., Walling, D. E., Collins, A. L., and Leeks, G. J.L.:  phorus and Sediment: Reducing Pollution in Runoff from Arable
The content and storage of phosphorus in fine-grained channel Fields, The Environmentalist, 180, 12—17, 2010.
bed sediment in contrasting lowland agricultural catchments inDeasy, C., Quinton, J. N., Silgram, M. S., Jackson, R., Bailey, A. P.,
the UK, Geoderma, 151, 141-149, 2009. and Stevens, C. J.: Mitigation options for sediment and phospho-
Billen, G., Silvestre, M., Grizzetti, B., Leip, A., Garnier, J., rus losses from winter-sown arable crops, J. Environ. Qual., 38,
Voss, M., Howarth, R., Bouraoui, F., Lepisto, A., Kortelainen, P.,  2121-2130, dok0.2134/jeq2009.00282009b.
Johnes, P., Curtis, C., Humborg, C., Smedberg, E., Kaste, @.Di, H. J. and Cameron, K. C.: Nitrate leaching in temperate agroe-
Ganeshram, R., Beusen, A., and Lancelot, C.. Nitrogen flows cosystems: sources, factors and mitigating strategies, Nutr. Cycl.
from European regional watersheds, in: The European Nitrogen Agroecosyst., 64, 237-256, dbQ.1023/A:1021471531188
Assessment: Sources, Effects and Policy Perspectives, edited by: 2002.
Sutton, M. A, Howard, C. M., Erisman, J. W,, Billen, G., Gren- Djodijic, F., Ulén, B., and Bergstrém, L.: Temporal and spatial vari-
nfelt, P., van Grinsven, H., and Grizzetti, B., Cambridge Univer-  ations of phosphorus losses and drainage in a structured clay soil,
sity Press, Cambridge, UK, 271-297, 2011. Water Res., 34, 1687-1695, d).1016/S0043-1354(99)00312-
Boar, R. R, Lister, D. H., and Clough, W. T.: Phosphorus loads in 7, 2000.
a small groundwater-fed river during the 1989-1992 East An-

www.hydrol-earth-syst-sci.net/18/3429/2014/ Hydrol. Earth Syst. Sci., 18, 3428448 2014


http://dx.doi.org/10.5194/hess-18-3429-2014-supplement
www.edendtc.org.uk
http://www.avondtc.org.uk/
www.wensumalliance.org.uk
http://dx.doi.org/10.1016/0043-1354(95)00034-I
http://dx.doi.org/10.1016/0043-1354(95)00034-I
http://dx.doi.org/10.1016/j.watres.2004.11.027
http://dx.doi.org/10.1002/hyp.3360020307
http://dx.doi.org/10.1029/2001WR000971
http://dx.doi.org/10.1016/j.scitotenv.2008.07.015
http://dx.doi.org/10.1016/j.envsci.2011.11.003
http://dx.doi.org/10.1002/hyp.7573
http://dx.doi.org/10.1002/hyp.9945
http://dx.doi.org/10.1002/hyp.7257
http://dx.doi.org/10.2134/jeq2009.0028
http://dx.doi.org/10.1023/A:1021471531188
http://dx.doi.org/10.1016/S0043-1354(99)00312-7
http://dx.doi.org/10.1016/S0043-1354(99)00312-7

3446 F. N. Outram et al.: High-frequency monitoring of catchment nutrient storm responses

Drewry, J. J., Newham, L. T. H., and Croke, B. F. W.: Suspended Manage., 23, 348-358, d&0.1111/j.1475-2743.2007.00106.x
sediment, nitrogen and phosphorus concentrations and exports 2007.
during storm-events to the Tuross estuary, Australia, J. Envi-Haygarth, P. M., Warwick, M. S., and House, W. A.: Size distribu-
ron. Manage., 90, 879-887, dbd.1016/j.jenvman.2008.02.004 tion of colloidal molybdate reactive phosphorus in river waters
20009. and soil solution, Water Res., 31, 439-448, 10i1016/S0043-

Dworak, T., Gonzalez, C., Laaser, C., and Interwies, E.: The need 1354(96)00270-91997.
for new monitoring tools to implement the WFD, Environ. Sci. Haygarth, P., Turner, B. L., Fraser, A., Jarvis, S., Harrod, T., Nash,
Policy, 8, 301-306, ddl0.1016/j.envsci.2005.03.002005. D., Halliwell, D., Page, T., and Beven, K.: Temporal variability in

Eder, A., Exner-Kittridge, M., Strauss, P., and Bloschl, G.: Re- phosphorus transfers: classifying concentration-discharge event
suspension of bed sediment in a small stream — results from two dynamics, Hydrol. Earth Syst. Sci., 8, 88-97, d6i5194/hess-
flushing experiments, Hydrol. Earth Syst. Sci., 18, 1043-1052, 8-88-20042004.
doi:10.5194/hess-18-1043-2012014. Haygarth, P. M., Wood, F. L., Heathwaite, A. L., and Butler, P. J.:

Eder, A., Strauss, P., Krueger, T., and Quinton, J. N.: Comparative Phosphorus dynamics observed through increasing scales in a
calculation of suspended sediment loads with respect to hystere- nested headwater-to-river channel study, Sci. Total Environ., 344,
sis effects (in the Petzenkirchen catchment, Austria), J. Hydrol., 83-106, 2005.

389, 168-176, dal:0.1016/j.jhydrol.2010.05.042010. Haygarth, P. M., Page, T. J. C., Beven, K. J., Freer, J,

Edwards, A. C. and Withers, P. J. A.: Transport and delivery Joynes, A., Butler, P., Wood, G. A., and Owens, P. N.: Scal-
of suspended solids, nitrogen and phosphorus from various ing up the phosphorus signal from soil hillslopes to headwa-
sources to freshwaters in the UK, J. Hydrol., 350, 144-153, ter catchments, Freshwater Biol., 57, 7-25, t®i1111/j.1365-
doi:10.1016/j.jhydrol.2007.10.052008. 2427.2012.02748,2012.

Evans, C. and Davies, T. D.: Causes of concentration/dischargéleathwaite, A. L., Burke, S. P., and Bolton, L.: Field drains as a
hysteresis and its potential as a tool for analysis of route of rapid nutrient export from agricultural land receiving
episode hydrochemistry, Water Resour. Res., 34, 129-137, biosolids., Sci. Total Environ., 365, 3346, 2006.
doi:10.1029/97WR018811998. Hiscock, K. M.: The influence of pre-Devensian glacial deposits

Evans, D. J. and Johnes, P. J.: Physico-chemical controls on phos- on the hydrogeochemistry of the chalk aquifer system of north
phorus cycling in two lowland streams — Part 1: The water col-  Norfolk, UK., J. Hydrol., 144, 335-369, 1993.
umn, Sci. Total Environ., 329, 145-163, 2004. Hiscock, K. M., Dennis, P. F., Saynor, P. R., and Thomas, M. O.:

Evans, D. J., Johnes, P. J., and Lawrence, D. S.: Physico-chemical Hydrochemical and stable isotope evidence for the extent and
controls on phosphorus cycling in two lowland streams. Part nature of the Chalk aquifer of north Norfolk, UK, J. Hydrol.,
2: — The sediment phase, Sci. Total Environ., 329, 165-182, 180, 79-107, 1996.
doi:10.1016/j.scitotenv.2004.02.023004. Hively, W. D., Bryant, R. B., and Fahey, T. J.: Phosphorus

Ferrant, S., Laplanche, C., Durbe, G., Probst, A., Dugast, P., Du- concentrations in overland flow from diverse locations on
rand, P., Sanchez-Perez, J. M., and Probst, J. L.: Continu- a New York dairy farm, J. Environ. Qual., 34, 1224-1233,
ous measurement of nitrate concentration in a highly event- doi:10.2134/jeq2004.011&005.
responsive agricultural catchment in south-west of France: is theHooker, K. V., Coxon, C. E., Hackett, R., Kirwan, L. E., O’Keeffe,
gain of information useful?, Hydrol. Process., 27, 1751-1763, E., and Richards, K. G.: Evaluation of Cover Crop and Reduced
doi:10.1002/hyp.93242013. Cultivation for Reducing Nitrate Leaching in Ireland, J. Environ.

Foster, I. D. L. and Walling, D. E.: The effects of the 1976 drought  Qual., 37, 138-145, ddi0.2134/jeq2006.0542008.
and autumn rainfall on stream solute levels, Earth Surf. Proc., 3House, W. A. and Warwick, M. S.: Hysteresis of the solute concen-
393-406, doit0.1002/esp.3290030401978. tration/discharge relationship in rivers during storms, Water Res.,

Gooddy, D. C., Darling, W. G., Abesser, C., and Lapworth, D. J.: 32, 2279-2290, ddi0.1016/S0043-1354(97)004734998.

Using chlorofluorocarbons (CFCs) and sulphur hexafluoridelde, J.i., Haga, H., Chiwa, M., and Otsuki, K.: Effects of antecedent
(SF6) to characterise groundwater movement and residence rain history on particulate phosphorus loss from a small forested
time in a lowland Chalk catchment, J. Hydrol., 330, 44-52, watershed of Japanese cypress (Chamaecyparis obtusa), J. Hy-
doi:10.1016/j.jhydrol.2006.04.01 2006. drol., 352, 322-335, ddi0.1016/j.jhydrol.2008.01.012008.

Grizzetti, B., Bouraoui, F., Billen, G., van Grinsven, H., Car- Jackson, B. M., Wheater, H. S., Mathias, S. A., Mcintyre, N., and
doso, A. C., Thieu, V., Garnier, J., Curtis, C., Howarth, R. W., Butler, A. P.: A simple model of variable residence time flow
and Johnes, P. J: Nitrogen as a threat to European water qual- and nutrient transport in the chalk, J. Hydrol., 330, 221-234,
ity, in: European Nitrogen Assessment, edited by: Sutton, M. A.,  doi:10.1016/j.jhydrol.2006.04.042006.

Howard, C. M., Erisman, J. W., Billen, G., Bleeker, A., Grenn- Jackson, B. M., Browne, C. A., Butler, A. P., Peach, D., Wade, A. J.,
felt, P., van Grinsven, H., and Grizzetti, B., Cambridge Univer- and Wheater, H. S.: Nitrate transport in Chalk catchments: mon-
sity Press, Cambridge, UK, 379-404, 2011. itoring, modelling and policy implications, Environ. Sci. Policy,

Halliday, S., Skeffington, R., Bowes, M., Gozzard, E., Newman, J., 11, 125-135, dot:0.1016/j.envsci.2007.10.008008.

Loewenthal, M., Palmer-Felgate, E., Jarvie, H., and Wade, A.:Jarvie, H. P., Neal, C., Williams, R. J., Neal, M., Wickham, H. D.,
The Water Quality of the River Enborne, UK: Observations from  Hill, L. K., Wade, A. J., Warwick, A., and White, J.: Phos-
High-Frequency Monitoring in a Rural, Lowland River System,  phorus sources, speciation and dynamics in the lowland eu-
Water, 6, 150-180, 2014. trophic River Kennet, UK, Sci. Total Environ., 282-283, 175—-

Hansen, E. M., Eriksen, J., and Vinther, F. P.: Catch crop strat- 203, d0i10.1016/S0048-9697(01)009512002.

egy and nitrate leaching following grazed grass-clover, Soil Use

Hydrol. Earth Syst. Sci., 18, 34293448 2014 www.hydrol-earth-syst-sci.net/18/3429/2014/


http://dx.doi.org/10.1016/j.jenvman.2008.02.004
http://dx.doi.org/10.1016/j.envsci.2005.03.007
http://dx.doi.org/10.5194/hess-18-1043-2014
http://dx.doi.org/10.1016/j.jhydrol.2010.05.043
http://dx.doi.org/10.1016/j.jhydrol.2007.10.053
http://dx.doi.org/10.1029/97WR01881
http://dx.doi.org/10.1016/j.scitotenv.2004.02.023
http://dx.doi.org/10.1002/hyp.9324
http://dx.doi.org/10.1002/esp.3290030407
http://dx.doi.org/10.1016/j.jhydrol.2006.04.011
http://dx.doi.org/10.1111/j.1475-2743.2007.00106.x
http://dx.doi.org/10.1016/S0043-1354(96)00270-9
http://dx.doi.org/10.1016/S0043-1354(96)00270-9
http://dx.doi.org/10.5194/hess-8-88-2004
http://dx.doi.org/10.5194/hess-8-88-2004
http://dx.doi.org/10.1111/j.1365-2427.2012.02748.x
http://dx.doi.org/10.1111/j.1365-2427.2012.02748.x
http://dx.doi.org/10.2134/jeq2004.0116
http://dx.doi.org/10.2134/jeq2006.0547
http://dx.doi.org/10.1016/S0043-1354(97)00473-9
http://dx.doi.org/10.1016/j.jhydrol.2008.01.012
http://dx.doi.org/10.1016/j.jhydrol.2006.04.045
http://dx.doi.org/10.1016/j.envsci.2007.10.006
http://dx.doi.org/10.1016/S0048-9697(01)00951-2

F. N. Outram et al.: High-frequency monitoring of catchment nutrient storm responses 3447

Jarvie, H. P., Withers, P. J. A., Bowes, M. J., Palmer-Felgate, E. J.Lewis, M. A. and Gooddy, D.: Borehole drilling and sampling in
Harper, D. M., Wasiak, K., Wasiak, P., Hodgkinson, R. A., the Wensum Demonstration Test Catchment (Draft), British Ge-
Bates, A., Stoate, C., Neal, M., Wickham, H. D., Har- ological Survey Commissioned Report, CR/11/162, 38, 2014.
man, S. A., and Armstrong, L. K. Streamwater phos- Liefferink, D., Wiering, M., and Uitenboogaart, Y.: The EU wa-
phorus and nitrogen across a gradient in rural-agricultural ter framework directive: a multi-dimensional analysis of imple-
land use intensity, Agr. Ecosyst. Environ., 135, 238-252, mentation and domestic impact, Land Use Policy, 28, 712-722,
doi:10.1016/j.agee.2009.10.002010. doi:10.1016/j.landusepol.2010.12.0@®11.

Johnes, P. J. and Burt, T. P.: Nitrate in surface waters, in: Ni-Lloyd, C. E. M., Freer, J. E., Collins, A. L., Johnes, P. J., and Jones,
trate: processes, patterns and management, edited by: Burt, T. J. |.: Methods for detecting change in hydrochemical time series
P., Heathwaite, A. L., and Trudgill, S. T., 269-317, 1993. in response to targeted pollutant mitigation in river catchments,

Johnes, P. J.: Meeting ecological restoration targets in European J. Hydrol., 514, 297-312, ddi0.1016/j.jhydrol.2014.04.036
Waters: a challenge for animal agriculture, in: Redesigning Ani-  2014.
mal Agriculture: The Challenge for the 21st Century, edited by: LWEC: Demonstration Test Catchments: available http://
SSwain, D. L., Charmley, E., Steel, J., and Coffey, S., CAB In-  www.lwec.org.uk/activities/demonstration-test-catchmedst
ternational, Wallingford, 185-203, 2007a. access: 13 January 2013.

Johnes, P. J.: Uncertainties in annual riverine phosphorus load esviarsh, T. and Parry, S.: An overview of the 2010-12 drought and its
timation: impact of load estimation methodology, sampling fre-  dramatic termination, NERC/Centre for Ecology & Hydrology,
guency, baseflow index and catchment population density, J. Hy- Wallingford, UK, 4, 2012.
drol., 332, 241-258, ddi0.1016/j.jhydrol.2006.07.002007b. Marsh, T. J. and Hannaford, J.: Hydrometric Register. Hydrological

Jordan, P., Arnscheidt, A., McGrogan, H., and McCormick, S.: Data UK Series., Centre for Ecology and Hydrology, Walling-
Characterising phosphorus transfers in rural catchments using a ford, 2008.
continuous bank-side analyser, Hydrol. Earth Syst. Sci., 11, 372-McKee, L., Eyre, B., and Hossain, S.: Intra- and interan-
381, do0i10.5194/hess-11-372-2002007. nual export of nitrogen and phosphorus in the subtropical

Jordan, P., Arnscheidt, J., McGrogan, H., and McCormick, S.: High- Richmond River catchment, Australia, Hydrol. Process., 14,
resolution phosphorus transfers at the catchment scale: the hid- 1787-1809, doi0.1002/1099-1085(200007)14:10<1787::AID-
den importance of non-storm transfers, Hydrol. Earth Syst. Sci., HYP42>3.0.CO;2-722000.

9, 685—-691, dol0.5194/hess-9-685-2008%005. Melland, A. R., Mc Caskill, M. R., White, R. E., and Chap-
Jordan, P., and Cassidy, R.: Technical Note: Assessing a 24/7 man, D. F.: Loss of phosphorus and nitrogen in runoff and
solution for monitoring water quality loads in small river subsurface drainage from high and low input pastures grazed
catchments,Hydrol. Earth Syst. Sci. 15, 3093-3100, doi: by sheep in southern Australia, Soil Res., 46, 161-172,
10.5194/hess-15-3093-2011, 2011. doi:10.1071/SR07084008.

Jose, P.: Long-term nitrate trends in the river trent and four majorMelland, A. R., Mellander, P. E., Murphy, P. N. C., Wall, D. P.,
tributaries, Regul. River, 4, 43-57, db@.1002/rrr.3450040105 Mechan, S., Shine, O., Shortle, G., and Jordan, P.: Stream wa-
1989. ter quality in intensive cereal cropping catchments with reg-

Kirchner, J. W., Feng, X. H., Neal, C., and Robson, A. J.: ulated nutrient management, Environ. Sci. Policy, 24, 58-70,
The fine structure of water-quality dynamics: the (high-  doi:10.1016/j.envsci.2012.06.008012.
frequency) wave of the future, Hydrol. Process., 18, 1353-1359 Mellander, P.-E., Melland, A. R., Jordan, P., Wall, D. P., Murphy, P.
doi:10.1002/Hyp.553,72004. N. C., and Shortle, G.: Quantifying nutrient transfer pathways in

Laubel, A., Kronvang, B., Larsen, S. E., Pedersen, M. L., and agricultural catchments using high temporal resolution data, En-
Svendsen, L. M.: Bank erosion as a source of sediment and phos- viron. Sci. Policy, 24, 44-57, ddi0.1016/j.envsci.2012.06.004
phorus delivery to small Danish streams. In: The role of ero- 2012.
sion and sediment transport in nutrient and contaminant transferMoliere, D. R., Evans, K. G., Saynor, M. J., and Erskine, W. D.: Es-
Wallingford, UK, 75-82, 2000. timation of suspended sediment loads in a seasonal stream in the

Lawler, D. M., Petts, G. E., Foster, I. D. L., and Harper, S.: Turbidity ~ wet-dry tropics, Northern Territory, Australia, Hydrol. Process.,
dynamics during spring storm events in an urban headwater river 18, 531-544, doi0.1002/hyp.13362004.
system: the Upper Tame, West Midlands, UK, Sci. Total Envi- O'Connor, E. M., McConnell, C., Lembcke, D., and Winter, J. G.:
ron., 360, 109-126, ddi0.1016/j.scitotenv.2005.08.032006. Estimation of total phosphorus loads for a large, flashy river of

Leip, A., Achermann, B., Billen, G., Bleeker, A., Bouwman, A., de a highly developed watershed—seasonal and hysteresis effects,
Vries, W., Dragosits, U., Doring, U., Fernall, D., Geupel, M.,  J. Great Lakes Res., 37, 26-35, d6i:1016/j.jglr.2011.04.004
Herolstab, J., Johnes, P. J., Le Gall, A. C., Monni, S., Neve- 2011.
ceral, R., Orlandini, L., Prud’homme, M., Reuter, H., Simp- Ockenden, M. C., Deasy, C., Quinton, J. N., Bailey, A. P., Sur-
son, D., Seufert, G., Spranger, T., Sutton, M., van Aardenne, J., ridge, B., and Stoate, C.: Evaluation of field wetlands for mit-
Voss, M., and Winiwarter, W: Integrating nitrogen fluxes at igation of diffuse pollution from agriculture: sediment reten-
the European scale, in: European Nitrogen Assessment, edited tion, cost and effectiveness, Environ. Sci. Pol., 24, 110-119,
by: Sutton, M. A., Howard, C. M., Erisman, J. W., Billen, G., doi:10.1016/j.envsci.2012.06.003012.

Bleeker, A., Grennfelt, P., van Grinsven, H., and Grizzetti, B., Ockenden, M. C., Deasy, C., Quinton, J. N., Surridge, B., and
Cambridge University Press, Cambridge, UK, 345-376, 2011. Stoate, C.: Keeping agricultural soils out of rivers: sediment and
nutrient retention in field wetlands created for mitigation of dif-

www.hydrol-earth-syst-sci.net/18/3429/2014/ Hydrol. Earth Syst. Sci., 18, 3428448 2014


http://dx.doi.org/10.1016/j.agee.2009.10.002
http://dx.doi.org/10.1016/j.jhydrol.2006.07.006
http://dx.doi.org/10.5194/hess-11-372-2007
http://dx.doi.org/10.5194/hess-9-685-2005
http://dx.doi.org/10.1002/rrr.3450040105
http://dx.doi.org/10.1002/Hyp.5537
http://dx.doi.org/10.1016/j.scitotenv.2005.08.032
http://dx.doi.org/10.1016/j.landusepol.2010.12.006
http://dx.doi.org/10.1016/j.jhydrol.2014.04.036
http://www.lwec.org.uk/activities/demonstration-test-catchments
http://www.lwec.org.uk/activities/demonstration-test-catchments
http://dx.doi.org/10.1002/1099-1085(200007)14:10%3C1787::AID-HYP42%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1099-1085(200007)14:10%3C1787::AID-HYP42%3E3.0.CO;2-Z
http://dx.doi.org/10.1071/SR07084
http://dx.doi.org/10.1016/j.envsci.2012.06.006
http://dx.doi.org/10.1016/j.envsci.2012.06.004
http://dx.doi.org/10.1002/hyp.1336
http://dx.doi.org/10.1016/j.jglr.2011.04.004
http://dx.doi.org/10.1016/j.envsci.2012.06.003

3448 F. N. Outram et al.: High-frequency monitoring of catchment nutrient storm responses

fuse pollution from agriculture, J. Environ. Manage., 13, 54-62, Soley, R. W. N., Power, T., Mortimore, R. N., Shaw, P., Dot-

doi:10.1016/j.jenvman.2014.01.013014. tridge, J., Bryan, G., and Colley, |.: Modelling the hydrogeol-
Oeurng, C., Sauvage, S., and Sanchez-Perez, J. M.: Tempo- ogy and managed aquifer system of the Chalk across southern

ral variability of nitrate transport through hydrological re- England, Geol. Soc., Lond., Special Publications, 364, 129-154,

sponse during flood events within a large agricultural catch- doi:10.1144/sp364.12012.

ment in south-west France, Sci. Total Environ., 409, 140-149,Stutter, M. I., Langan, S. J., and Cooper, R. J.: Spatial contribu-

doi:10.1016/j.scitotenv.2010.09.008010. tions of diffuse inputs and within-channel processes to the form
Owen, G. J., Perks, M. T., Benskin, C. M. H., Wilkinson, M. E., of stream water phosphorus over storm events, J. Hydrol., 350,

Jonczyk, J., and Quinn, P. F.: Monitoring agricultural diffuse pol-  203-214, doit0.1016/j.jhydrol.2007.10.042008.

lution through a dense monitoring network in the River Eden Wade, A. J., Palmer-Felgate, E. J., Halliday, S. J., Skeffington, R. A.,

Demonstration Test Catchment, Cumbria, UK, Area, 44, 443— Loewenthal, M., Jarvie, H. P., Bowes, M. J., Greenway, G. M.,

453, doi10.1111/j.1475-4762.2012.011072012. Haswell, S. J., Bell, I. M., Joly, E., Fallatah, A., Neal, C.,
Palmer-Felgate, E. J., Jarvie, H. P.,, Wiliams, R. J., Wiliams, R. J., Gozzard, E., and Newman, J. R.: Hydrochem-
Mortimer, R. J. G., Loewenthal, M., and Neal, C.: ical processes in lowland rivers: insights from in situ, high-

Phosphorus dynamics and productivity in a sewage- resolution monitoring, Hydrol. Earth Syst. Sci., 16, 4323-4342,
impacted lowland chalk stream, J. Hydrol.,, 351, 87-97, do0i:10.5194/hess-16-4323-2012012.
doi:10.1016/j.jhydrol.2007.11.03@008. Wilkinson, M. E., Quinn, P. F., and Welton, P.: Runoff manage-
Premrov, A., Coxon, C. E., Hackett, R., Kirwan, L., and ment during the September 2008 floods in the Belford catchment,
Richards, K. G.: Effects of over-winter green cover on  Northumberland, J. Flood Manage., 3, 285-295, 2010.
groundwater nitrate and dissolved organic carbon concentraWilkinson, M. E., Quinn, P. F., and Hewett, C. J. M.:
tions beneath tillage land, Sci. Total Environ., 438, 144-153, The Floods and Agriculture Risk Matrix: a decision sup-
doi:10.1016/j.scitotenv.2012.08.043012. port tool for effectively communicating flood risk from
Prior, H. and Johnes, P. J.: Regulation of surface water quality in a farmed landscapes, Int. J. River Basin Manage., 11, 237-252,
Cretaceous Chalk catchment, UK: an assessment of the relative doi:10.1080/15715124.2013.79414913.
importance of instream and wetland processes, Sci. Total EnvWilkinson, M. E., Quinn, P. F., Barber, N. J., and Jon-
iron., 282-283, 159-174, d@D.1016/S0048-9697(01)00950-0 czyk, J.: A framework for managing runoff and pollution

2002. in the rural landscape using a Catchment Systems Engi-
Robson, A. and Reed, D.: Flood estimation handbook — FEH CD- neering approach, Sci. Total Environ., 468-469, 1245-1254,
ROM 3, Institute of Hydrology, Wallingford, 1999. doi:10.1016/j.scitotenv.2013.07.05%014.

Rozemeijer, J. C. and Broers, H. P.: The groundwater contributionWithers, P. J. A. and Lord, E. |.: Agricultural nutrient inputs to rivers
to surface water contamination in a region with intensive agricul-  and groundwaters in the UK: policy, environmental management
tural land use (Noord-Brabant, the Netherlands), Environ. Pol- and research needs, Sci. Total Environ., 282-283, 9—24, 2002.
lut., 148, 695-706, dal0.1016/j.envpol.2007.01.028007. Withers, P. J. A., Jarvie, H. P, Hodgkinson, R. A., Palmer-

Saxton, K. E., and Lenz, A. T.: Antecedent retention indexes pre- Felgate, E. J., Bates, A., Neal, M., Howells, R., With-
dict soil moisture, Proceedings of American Society of Civil En-  ers, C. M., and Wickham, H. D.: Characterization of phosphorus
gineering, J. Hydraul. Division, 93, 223-241, 1967. sources in rural watersheds, J. Environ. Qual., 38, 1998-2011,

Scholefield, D., Le Goff, T., Braven, J., Ebdon, L., Long, T., and  do0i:10.2134/jeq2008.009&009.

Butler, M.: Concerted diurnal patterns in riverine nutrient con- Yates, C. A. and Johnes, P. J.: Nitrogen speciation and phosphorus
centrations and physical conditions, Sci. Total Environ., 344, fractionation dynamics in a lowland Chalk catchment, Sci. To-
201-210, doit0.1016/j.scitotenv.2005.02.012005. tal Environ., 444, 466479, d40.1016/j.scitotenv.2012.12.002

Siwek, J., Siwek, J. P, an?!elazny, M.: Environmental and land 2013.
use factors affecting phosphate hysteresis patterns of stream wa-
ter during flood events (Carpathian Foothills, Poland), Hydrol.

Process., 27, 3674-3684, dd:1002/hyp.94842013.

Hydrol. Earth Syst. Sci., 18, 34293448 2014 www.hydrol-earth-syst-sci.net/18/3429/2014/


http://dx.doi.org/10.1016/j.jenvman.2014.01.015
http://dx.doi.org/10.1016/j.scitotenv.2010.09.006
http://dx.doi.org/10.1111/j.1475-4762.2012.01107.x
http://dx.doi.org/10.1016/j.jhydrol.2007.11.036
http://dx.doi.org/10.1016/j.scitotenv.2012.08.043
http://dx.doi.org/10.1016/S0048-9697(01)00950-0
http://dx.doi.org/10.1016/j.envpol.2007.01.028
http://dx.doi.org/10.1016/j.scitotenv.2005.02.014
http://dx.doi.org/10.1002/hyp.9484
http://dx.doi.org/10.1144/sp364.10
http://dx.doi.org/10.1016/j.jhydrol.2007.10.045
http://dx.doi.org/10.5194/hess-16-4323-2012
http://dx.doi.org/10.1080/15715124.2013.794145
http://dx.doi.org/10.1016/j.scitotenv.2013.07.055
http://dx.doi.org/10.2134/jeq2008.0096
http://dx.doi.org/10.1016/j.scitotenv.2012.12.002

