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Abstract
This paper examines relationships between rainfall-runoff, catchment connectivity, antecedent moisture conditions and fertiliser application with nitrate-N and total phosphorus (TP) fluxes in an arable headwater catchment over three hydrological years (2012 – 2014). Annual precipitation totals did not vary substantially between years, yet the timing of rainfall strongly influenced runoff generation and subsequent nitrate-N and TP fluxes. The greatest nitrate-N (>250 kg N day-1) and TP (>10 kg TP day-1) fluxes only occurred when shallow groundwater was within 0.6 m of the ground surface and runoff coefficients were greater than 0.1. These thresholds were reached less frequently in 2012 due to drought recovery resulting in lower annual nitrate-N (7.4 kg N ha-1) and TP (0.12 kg P ha-1) fluxes in comparison with 2013 (15.1 kg N ha-1; 0.21 kg P ha-1). The wet winter of 2013 with elevated shallow groundwater levels led to more frequent activation of sub-surface pathways and tile drain flow. Throughout the period, dry antecedent conditions had a temporary effect in elevating TP loads. Evidence of TP source exhaustion after consecutive storm events can be attributed to the repeated depletion of temporarily connected critical source areas to the river network via impermeable road surfaces. Fertiliser application varied considerably across three years due to differences in crop rotation between farms, with annual N and P fertiliser inputs varying by up to 21% and 41%, respectively. Proportional reductions in annual riverine nitrate-N and TP loadings were not observed at the sub-catchment outlet as loadings were largely influenced by annual runoff. Nitrate loadings were slightly higher during fertiliser application, but there was little relationship between P fertiliser application and riverine TP load. These data indicate that this intensive arable catchment may be in a state of biogeochemical stationarity, whereby legacy stores of nutrients buffer against changes in contemporary nutrient inputs. 
Highlights
· Hydrometeorological, hydrochemical and agricultural input data examined
· Nitrate-N and TP fluxes doubled in a wet year compared with a dry year
· Dry antecedent conditions temporarily raised TP fluxes
· Large reductions in annual fertiliser application did not reduce riverine loads
· Substantial legacy stores of N and P likely exist in the landscape
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1. Introduction
River health is declining throughout much of Europe and elevated nitrogen (N) and phosphorus (P) inputs from anthropogenic activities are widely accepted as important contributing factors (Beusen et al., 2005; Seitzinger et al., 2010). Under national and international legislation, such as the EU Water Framework Directive (2000/60/EC), governments have an obligation to ensure that water bodies achieve “good” ecological and chemical status. In order for these targets to be met, nutrient inputs into surface and subsurface water bodies will need to be reduced. However, with the global population predicted to rise to ~9 billion by 2050 (Roberts, 2011), the timeframe of compliance with these directives will coincide with a need for increasing food production, resulting in subsequent pressures on the rural environment (Rockström et al, 2009). Therefore, it is important to understand how agricultural production can be maximised whilst at the same time reducing environmental damage. Understanding catchment responses to current pressures from modern agriculture in the context of varying hydrometeorological conditions is essential for designing mitigation measures which may alleviate pressures under future climate and food production scenarios.
[bookmark: _GoBack]The transfer of N and P to watercourses from across catchments is spatially and temporally variable. The dominant water flow paths during precipitation events are determined by the hydrological connectivity of the catchment, which in turn is influenced by the antecedent moisture conditions (Stieglitz et al., 2003; von Freyberg et al., 2014). Under wet antecedent conditions, a catchment can be considered to be in a spatially connected or active state, with pre-event water likely to dominate runoff responses (Ali and Roy, 2010). Conversely, under dry antecedent conditions the catchment flow pathways are disconnected, resulting in event water dominating the runoff response  (Ali and Roy, 2010). However, measuring catchment wetness and hydrological connectivity are difficult (Wainwright et al., 2011; Bracken et al., 2013). Furthermore, the influence of spatially and temporally variable catchment moisture controls on N and P flux is not well understood, thus making flux predictions for precipitation events difficult (Davis et al., 2014).  Due to a reduction in leaching and surface runoff, prolonged dry antecedent conditions can cause N and P to build-up in soils and sediments which, when mobilised during precipitation events, can result in large concentration peaks in receiving waters. Conversely, wet antecedent conditions can result in lower concentration peaks in the receiving water body due to the continuous flushing of nutrients via active flow pathways (Davis et al., 2014). 
Davis et al. (2014) stated that the primary difference in nitrate mobilisation between two individual years is the antecedent conditions due to hydrometeorologic variability, assuming negligible variation in anthropogenic inputs. However, many existing studies do not have detailed farm input data alongside information on catchment antecedent conditions as gathering such information over entire catchment areas is time consuming. Crop rotations are common in modern agriculture and the timing and amount of fertiliser application varies depending on crop type, soil type, climate and other farm specific drivers. Therefore, it is a substantial simplification to assume anthropogenic N and P inputs to a catchment are stationary. The lack of detailed land use input data makes it difficult to determine whether nutrients mobilised during rainfall events are derived from legacy stores in soils and sediments or originate from more contemporary sources. This is complicated further by the presence of time-lags throughout the source, pathway and receptor stages of nutrient transport. Research from managed catchments in the US and the Baltic suggests that nutrient legacy stores have resulted in catchment biogeochemical stationarity which buffers against any biogeochemical variations, such as a reduction in fertiliser inputs (Basu et al., 2010; Green et al., 2014). 
Storms have been identified as important for the delivery of both P (Bowes et al., 2005; Jordan et al., 2007; Bowes et al., 2009; Mellander et al., 2012; Bowes et al., 2015) and in certain catchments N (Poor and McDonnell, 2007; Ferrant et al., 2013; Outram et al., 2014) from diffuse agricultural sources using high-frequency sampling techniques. High-frequency data have been used to determine if there is a “dilution” response of a nutrient to discharge which, depending upon the antecedent moisture and source availability conditions, can indicate the dominance of a point source, or a “concentration” response which can indicate the flushing of a diffuse source (Poor and McDonnell, 2007). Hysteresis loops constructed using high-frequency data have been used to infer transfer pathways by comparing nutrient concentrations on rising and falling limbs of the storm hydrograph. Higher nutrient concentrations on the rising limb result in a clockwise loop which indicates a readily available, exhaustible source which is close to the sampling point. By contrast, higher nutrient concentrations on the falling limb produce anticlockwise loops which point to slower delivery of a nutrient source (Evans and Davies, 1998; House and Warwick, 1998; Ide et al., 2008; Siwek et al., 2013; Bowes et al., 2015). High-frequency data have been used to understand nutrient delivery pathways under different antecedent conditions in several catchments (Macrae et al., 2010; Davis et al., 2014; Bowes et al., 2015), but to our knowledge no studies present additional information on varying agricultural inputs at the sub-catchment scale.
The Demonstration Test Catchments (DTC) programme is a UK government initiative to test the effectiveness of on-farm mitigation measures at reducing diffuse agricultural pollution whilst maintaining food production capacity in four instrumented tributary catchments across England (Outram et al., 2014). As part of the DTC programme, three hydrological years (October 2011 to September 2014) of high-frequency (30 min) water quality data have been collected for the River Wensum catchment, Norfolk, alongside other hydrological, hydrometeorological and farm input parameters. Utilising this large dataset, the objectives of this paper were as follows:
(i) To investigate the relationship between rainfall, runoff generation and catchment connectivity and how these factors affect nitrate-N and TP transport;
(ii) To use high-frequency data to infer sources and pathways of nitrate-N and TP to the river network;
(iii) To assess the influence of contrasting antecedent moisture conditions on nitrate-N and TP flux;
(iv) To use farm input data to investigate if the timing and extent of fertiliser application impact upon nutrient mobilisation;
(v) To assess whether contemporary inputs can be differentiated from legacy nutrient stores during mobilisation events;
(vi) To consider the implications of these interacting environmental and anthropogenic influences on nutrient mobilisation for catchment managers.

2. Methods
2.1 Site Description
The River Wensum is a 75 km long, lowland calcareous river in Norfolk, eastern England, with a catchment area of 570 km2 (Figure 1). The Wensum catchment is divided into 20 sub-catchments, one of which, the 19.7 km2 upper Blackwater sub-catchment, is intensively monitored as part of the Wensum DTC project. The western part of the Blackwater is underlain by glacial tills and clay-rich, poorly draining soils on Pleistocene chalky boulder clay which lies directly over the Cretaceous White Chalk bedrock (Hiscock, 1993; Hiscock et al., 1996). Much of this western part is extensively under-drained by a dense network (43 per km) of agricultural tile drains installed at depths of 100-155 cm below ground level. Discharges from individual drains can be as much as 10 L s-1 but discharge from each drain varies depending on season, depth, catchment area and antecedent moisture conditions (Cooper et al., 2015). The eastern part is more freely draining, comprised of glacial sands and gravels with well drained sandy loam soils, with Wroxham Crag situated between superficial Quaternary deposits and the Chalk bedrock (Lewis et al., 2014). The mean slope in the sub-catchment is 1.2° with maximum and minimum elevations of 70.2 and 25.3 m asl, respectively. 

1. 
2. 
2.1. 
2.2. Farm input data
The land use in the sub-catchment is predominantly arable (74%) with some improved grassland (12%) and woodland (11%). Detailed farm business data were collected from land owners in the Blackwater sub-catchment. Farm holdings collected data on the timing and type of in-field operations, fertiliser and pesticide products and application rates, harvest dates and crop yields. Crop types and annual fertiliser inputs for the three years are summarised in Figure 2 and Table 1. Export coefficients were calculated for each hydrological year by dividing the annual riverine nitrate-N or P load by the annual total of applied fertiliser
2.3. Catchment monitoring infrastructure
Located at the outlet of the Blackwater sub-catchment (site F) is a bankside monitoring station recording semi-continuous measurements of water quality parameters at 30-min resolution. Temperature, conductivity, pH, turbidity, dissolved oxygen and ammonium were monitored via a multi-parameter sonde (YSI 6600) mounted in a flow through cell. Nitrate-N (Hach Lange Nitratax SC optical probe), TP and TRP (Hach Lange Sigmatax SC combined with Phosphax Sigma) were also monitored as documented elsewhere  (Outram et al., 2014).  River discharge was measured using both an acoustic Doppler (Argonaut SW, Sontek) and a pressure transducer housed in a stilling well (Impress IMSL Submersible Level Transmitter) and was complimented by regular manual flow gauging. Both methods generated similar results, and in this study the flows calculated from the rating curves are presented along with the 95 percentile confidence limits generated from a non-linear-least-squares regression. Three tipping bucket rain gauges recorded precipitation and the average of these was taken to be the actual precipitation. A detailed explanation of quality assurance and quality control procedures and a table of instrumentation measuring ranges and accuracy can be found in the supplementary materials.
A set of boreholes located in the west of the catchment are drilled to depths of 50, 15, 12 and 6 m into Chalk, Lowestoft Till clay silt, Sheringham Cliffs glacial sands and Bacton Green chalk-rich till, respectively (Figure 1).  Each borehole was equipped with a pressure transducer (Mini-Diver, Schlumberger) which recorded temperature and pressure every 15 min. Data were barometrically compensated by linear interpolation using the barometer located at each borehole set (BARO, Schlumberger). 
Due to equipment failures there are gaps in the TP record. In these instances the TP concentration was determined by linear interpolation, which was used in subsequent load calculations. The mean concentration of interpolated values was 0.08 mg P L-1 which is slightly lower than the annual mean TP concentration. This is due to the absence of rainfall event concentration peaks in the linearly interpolated data, with linear interpolation simply yielding a straight line between data points. Therefore, riverine TP load calculations are a conservative estimate. A detailed description of quality assurance and quality control procedures employed during data validation can be found in Outram et al. (2014) and in the supplementary material.
2.4 Data Analysis
Baseflow separation followed the approach of Gustard et al. (1992) by calculating the flow minima of five-day non-overlapping consecutive periods and connecting minima which when multiplied by 0.9 were found to be less than the five-day minima on either side. All identified ‘turning points’ were interpolated linearly to give an estimation of baseflow.  The minimum peak threshold used to define an ‘event’ was 0.05 m3 s-1. The first point at which flow exceeded a threshold of 0.001 m3 s-1 above baseflow prior to a peak and the first point when flow went below the same threshold marked the start and end of that event. Using this method, event duration ranged from 3 to 31 days. Because of the influence of groundwater and associated lags in runoff response in the catchment this was deemed the most appropriate method. Storm discharge in excess of baseflow was compared to event precipitation totals to create event runoff coefficients (storm discharge/precipitation).
The annual export, or load (L), of N and P (kg y-1) was then calculated as follows:

Where Qi is the instantaneous discharge (L s-1) and Ci is the instantaneous concentration of N or P (mg L-1), with i representing a 30-min (1800 s) time-step.Flow weighted concentrations (FWC) were calculated by dividing total annual load of N and P by total annual flow volume. A linear regression was used to assess whether the relationship between event BFI and event-derived N and P load was statistically significant.


3. Results 
3.1 Rainfall, river discharge and groundwater
Mean annual rainfall was highest in the hydrological year (October – September) 2014 (706 mm), followed by 2012 (683 mm) and 2013 (632 mm) (Table 2). The UK Meteorological Office 1981-2010 annual average for this region is 653 mm (RAF Marham). The flow regimes differed between the three water years (Figure 3a). The chalk aquifer (ML BH1) showed slow recharge from the onset of rain in December 2011 (Figure 3b) due to drought recovery from the previous water year (i.e. transition from low to normal groundwater levels and soil moisture conditions). After an initial period of rain the shallow borehole (ML BH4) showed a rapid recovery but fluctuated in level throughout winter until late summer. By contrast, winter 2013 was wetter (December – February total = 178 mm) resulting in the maximum recorded chalk groundwater level in April 2013 (40.9 m asl). The shallow borehole water level remained elevated throughout winter and spring 2013. The dry summer 2013 (June – August total = 96 mm) resulted in discharge and groundwater recession from April onwards. Similarly to 2013, high rainfall (181 mm), discharge (mean = 0.19 m3 s-1) and groundwater level (ML BH1 = 40.2 m asl) occurred in winter 2014, although there was a prolonged dry period during March and April 2014 (56 mm). Large rainfall totals in late May and early June (105 mm in three weeks) caused the largest discharge event (1.2 m3s-1). The chalk aquifer level peaked in early March 2014 (40.7 m asl) and shallow groundwater remained elevated throughout winter and spring. The annual runoff coefficient was higher in 2013 (0.37) than 2012 (0.20) and 2014 (0.25). Mean event runoff coefficients followed the same pattern, with higher coefficients in 2013 (0.17) than 2012 (0.05) and 2014 (0.12). The annual baseflow index (BFI) values for 2012 (0.74) and 2014 (0.72) were similar and slightly higher than 2013 (0.69). Annual mean groundwater level was highest in 2013 for both deepest (ML BH1) and shallowest (ML BH4) boreholes (Table 2).
Although annual rainfall totals did not vary appreciably between the years, Figure 4a shows there were contrasts in the seasonal distribution of rainfall. There was no clear relationship between quarterly rainfall and quarterly flow totals (Figure 4b). The smallest annual flow contribution in 2012 (134 mm) was largely due to the low rainfall in October – March (224 mm), a substantial proportion of which would likely have been stored in ground and soil water as the catchment recovered from drought conditions. Although April - September 2012 was wetter (459 mm) than the previous six months, storage of water continued as discharge remained low. By contrast, 2013 had the highest annual flow contribution of the three years (234 mm), despite having the smallest annual rainfall total (633 mm). The first two quarters in 2013 accounted for around 80% of the annual total flow due to drought recovery in the deepest borehole in the chalk aquifer by October 2013 (Figure 3b) and high rainfall during October - December 2013 (251 mm). April – September 2013 was dry (217 mm) with consequent low flows which were proportional to rainfall as the previous wet conditions led to lower storage rates. The annual total flow contribution in 2014 was lower than the previous year (175 mm), despite three quarterly rainfall totals being higher than the long-term average. Although the annual rainfall total was higher in 2014 (706 mm) than 2013 (633 mm), the rainfall was more evenly distributed throughout the first three quarters, as opposed to 2013 when 40% of rainfall occurred in the first quarter.

1. 
2. 
3. 
3.1. 
3.2. Nitrate concentration, hysteresis and loads
In 2012, nitrate-N concentrations from October - March were consistently low (~5 mg N L-1) with few peaks, but from March - July large peaks occurred with rainfall events (Figure 3c). The largest concentrations in 2012 of up to ~14 mg N L-1 coincided with the main fertiliser application window (February - May, Figure 3c & d). Nitrate-N concentration patterns in 2013 and 2014 were more comparable. In both 2013 and 2014, nitrate-N concentrations increased in October coinciding with autumn rainfall. Concentrations remained elevated throughout the winter period (8-10 mg N L-1) until around February, when dilutions as result of rainfall began to occur. However, in both years, concentration peaks began to occur again during rainfall events in March - April 2013 and May - June 2014, which were also during periods of highest fertiliser application (~6 x 104 kg N per week). A large event (105 mm rainfall) occurred in May - June 2014 which triggered the largest nitrate-N peak (17.0 mg N L-1). This event occurred after a prolonged dry period from February - May. In 2013 and 2014, nitrate-N concentrations during the summer months remained low (~4 mg N L-1) with rainfall events largely resulting in dilutions. Large storm events resulted in step-changes in the cumulative nitrate load (Figure 3c), particularly during spring. Flow weighted nitrate-N concentrations were 5.6, 6.5 and 6.4 mg N L-1, respectively for 2012, 2013 and 2014. The total riverine nitrate-N load was highest in 2013 (2.98 x104), slightly more than double that of 2012 (Table 2). Total event-derived nitrate-N riverine load was more than twice the amount in 2013 compared to 2012 with totals of 2.25 x 104 kg N and 9.75 x 103 kg N, respectively and a total of 1.63 x 104 kg N in 2014. The percentage contribution of event-derived N to the total riverine N load was 67%, 76% and 74% for 2012, 2013 and 2014, respectively. 2012 had the largest annual N fertiliser input (2.16 x 105) but the lowest export coefficient of the three years (0.07) due to the lowest riverine nitrate-N load. In 2013, the annual N fertiliser input (2.05 x 105) was slightly lower than in 2012, but the greater riverine nitrate-N load resulted in an export coefficient over twice as large (0.15).
The quarterly nitrate-N loads in the three hydrological years revealed similar patterns to that of quarterly flow contributions (Figure 4b & c).  Transfers of nitrate-N from the catchment to surface water were less important during high-rainfall periods following dry conditions in April – September 2012 and 2014. The highest N loads (46 kg N h-1) occurred during October - March in 2013, which was also the period of highest groundwater level in the shallow borehole. The majority of individual events resulted in anticlockwise concentration responses and peak nitrate concentrations on the falling limb (Figure 5a). Smaller loops were observed in all three years in October, increasing in size through November. More sustained increases in nitrate-N concentration in response to larger flow events occurred from November through to May. The trajectories of these longer loops changed from being relatively flat from November - February and steeper and wider between March and May when the greatest nitrate concentrations were recorded (12-17 mg N L-1). Rapid increases in nitrate-N concentration in response to relatively low flow conditions occurred between April and June. The relationship between daily flow volume and nitrate-N load varied slightly throughout individual years and between years (Figure 5b). Low flows and consequently low nitrate-N loads (mean = 1.4 kg N h-1) were evident from October to February in 2012. In 2013, the gradient of the trendline (non-linear least squares regression) in October was steeper than 2012 and 2014 due to the previously wet summer. Gradients tended to show a slight decrease between December and February before increasing again between March and June. The steepest monthly gradients were observed in June in both 2012 and 2014. Between July and September the gradients decreased. The largest daily nitrate-N loads occurred between March - May each year, with the overall largest daily load occurring in May 2014.

3.3. Total Phosphorus concentration, hysteresis and loads
There were fewer obvious seasonal patterns in TP concentration compared with nitrate-N (Figure 3e). Generally, the largest TP concentrations (0.3 – 0.8 mg P L-1) occurred during large winter flows (>0.4 m3 s-1), but relatively high TP peak storm concentrations were measured all year round, with concentrations as high as 0.3 mg P L-1 during summer events. The largest TP peak recorded (1 mg P L-1) coincided with the highest nitrate peak in May 2014. Unlike nitrate, TP showed no clear connection between fertiliser application and storm peaks (Figure 3e & f). Mean TP concentrations (0.09 mg P L-1) were the same for all three water years, whilst flow weighted concentrations were 0.087, 0.089 and 0.097 mg P L-1 for 2012, 2013 and 2014, respectively (Table 2). As with nitrate-N, the highest annual riverine TP load was in 2013 (4.10 x 102 kg P) and the lowest in 2012 (2.29 x 102 kg P). Total event-derived riverine TP load was highest in 2013 (2.79 x 102 kg P), whereas the total percentage of annual riverine load derived from events was 63%, 68% and 69% for 2012, 2013 and 2014, respectively. TP export coefficients were identical in 2012 and 2013 (0.01), but twice as high in 2014 (0.02).
Quarterly TP loads also closely resembled the quarterly flow contributions (Figure 4b & d).  Again, TP loads were not as elevated during high-rainfall periods following dry conditions in April – September 2012 and 2014. The highest TP loads occurred during October - March in 2013 (1.3 kg P h-1). TP monthly concentration-discharge plots (Figure 6a) revealed that all rainfall events resulted in a concentration response. In contrast to nitrate, all event hysteresis loops were clockwise. Peak TP concentrations occurred on the rising limb and rapidly returned to pre-event concentration before discharge had receded to pre-event levels. Similar to nitrate, the loops generated in October were moderate in size, followed by larger loops between November - May. Short sharp loops occurred from March – September. Monthly plots (Figure 6b) of daily flow volume and TP load showed a greater degree of variation in the trendline gradients between the three years than for nitrate. The largest daily TP loads generally occurred between November - May, with smaller gradients from June - October. In 2012, daily flow volumes and TP loads were low from October - February. Large daily fluxes were observed in March 2012, but subsequent fluxes in April and May for similar daily discharge volumes were lower. In 2013, after relatively moderate flows in October, November - December had the highest consistent daily loads, frequently between 4 – 10 kg TP per day. Peak TP concentrations were always below 0.5 mg TP L-1 during this period (Figure 6a), but high discharge volumes (up to 0.85 m3 s-1) resulted in the largest daily loads. March - April 2014 was dry (56 mm rainfall), but large flows in May 2014 (0.82 m3 s-1) mobilised the highest daily TP load of ~17 kg TP, with a maximum TP concentration of 1 mg P L-1. 

3.4 Groundwater and nutrient loads
Figure 7 shows the relationship between the mean daily level of groundwater in the shallow borehole (ML BH4) and total daily discharge, event runoff coefficients, daily nitrate load and daily TP load. When the groundwater level in the shallow borehole was higher than 42.2 metres above sea level (m asl; within 0.6 m of the ground surface), the highest daily discharge volumes were observed. It is likely groundwater levels above 42.2 m asl coincide with the activation of tile drains (Table 3), as above this condition the catchment exhibits a strong response to precipitation events, with greater runoff coefficients (Figure 7a & b). In 2012, mean daily groundwater level in excess of 42.2 m asl rarely resulted in discharge over 2 x 104 m3 daily discharge, whereas in 2013 and 2014 on all occasions groundwater levels exceeded 42.2 m asl daily discharge was greater than 2 x 104 m3. Despite elevated shallow groundwater levels recorded in 2012, runoff coefficients during events were all under 0.1.  Large daily nitrate loads >~250 kg N day-1 and daily TP loads >~10 kg TP day-1 only occurred when the groundwater level was above 42.2 m asl and runoff coefficients were greater than 0.1 (Figure 7c & d). There was a significant negative linear relationship between event BFI and event nitrate-N (R2 = 0.36 ,p = <0.001) and TP load (R2= 0.55, p = <0.001) (Figure 8). Events with a greater proportion of quickflow generally had greater event nitrate-N and TP loads, although the relationship was stronger for TP.
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3.3. 
3.4. 
3.5. Fertiliser application and riverine N and P loads
Annual N fertiliser application totals were highest in 2012 (2.16 x 105 kg N), followed by 2013 (2.05 x 105 kg N) and 2014 (1.70 x 105 kg N) (Table 2). In 2012, the hectarage of winter oilseed rape, sugar beet and winter wheat (feed) were the highest of the three years (mean N application 150 – 247 kg N ha-1). Contributions from winter wheat (feed) and sugar beet were still high in 2013, but the greater coverage of spring barley (malt) (273 ha, mean application 137 kg N ha-1) and spring beans (114 ha, no N applied) led to a reduction in annual N input. The greatest hectarage of spring beans (241 ha) was largely responsible for the lower annual N application in 2014.  Annual P fertiliser application totals were highest 2013 (3.63 x 104 kg P), one and a half times that of 2012 (2.48 x 104 kg P) and nearly double that of 2014 (2.16 x 104 kg P). The relationship between crop type and annual P input is less clear because P applications depended on soil type and soil P indexes and the timing and application rate in relation to crop growth phases is less important than for N applications. P applications for all crops are relatively low due to high soil P indexes in the catchment. 
Plotting annual flow volume against total riverine export of nitrate-N and TP (Figure 9a & b) revealed a linear relationship, with the smallest flow volume and riverine loads in 2012 and greatest in 2013 for both nitrate-N and TP.  When total applied N and P fertiliser loadings were plotted against total riverine export of nitrate-N and TP (Figure 9c & d), there was no clear pattern between total annual fertiliser application rate and riverine load. 
4. Discussion
1. 
2. 
3. 
4. 
4.1. Influence of rainfall, runoff and catchment connectivity on nutrient mobilisation
The amount and timing of rainfall which results in runoff is important to the amount of N or P which is mobilised in the catchment. This was particularly evident in 2012 when annual rainfall was higher than the long-term average (683 mm), yet annual nitrate-N and TP loads were half that of 2013 which had a lower annual rainfall (633 mm). During events with low runoff coefficients the downward movement of precipitation which occurs after dry antecedent periods mobilises a smaller quantity of nitrate-N and TP from catchment sources than at times when the catchment has wetted up, subsurface pathways are active and field drains are running (Table 3). This is comparable to the findings of Davis et al. (2013).
The greatest daily nitrate-N and TP loads (> ~250 kg N day-1 and >~10 kg TP day-1, respectively) only occurred when the shallow groundwater level was >42.2 m asl (i.e. within 0.6 m of the ground surface) and runoff coefficients were >0.1. Positive relationships between groundwater level and nitrate and TP concentrations have been observed in other tile drained agricultural catchments (MacRae et al., 2010).  Whilst shallow groundwater levels were frequently elevated in 2012 the water table level quickly receded (Figure 3b) before catchment connectivity was established as precipitation largely resulted in storage rather than runoff, as demonstrated by runoff coefficients below 0.1. The wetter years 2013 and 2014 had a larger number of events which met the shallow groundwater and runoff coefficient threshold criteria, resulting in greater nitrate-N and TP mobilisation. Some exceptions to this general pattern occurred in 2012 and 2014 when there were obvious outliers in daily discharge (Figure 7a), daily nitrate-N load (Figure 7c) and daily TP load (Figure 7d) on several occasions. These were from incidents when event water was dominated by quickflow as a result of dry soils, low groundwater levels and the majority of field drains not running prior to the event, such as during the large event in May 2014. Generally the relationship between TP daily load and mean shallow groundwater level was similar to that of nitrate-N, apart from when overland flow dominated an event, which is rare in this catchment. This similarity is partially because elevated groundwater levels activated subsurface pathways which can transport more mobile fractions of P via field drains (Table 3). Additionally, elevated shallow groundwater levels can indicate a greater degree of soil wetness and the more saturated the soil the greater the proportion of precipitation which is converted to runoff as opposed to storage.
4. 
4.1. 
4.2. Nutrient sources and mobilisation pathways
4.2.1. Nitrate-N
The frequent occurrence of anticlockwise nitrate-N hysteresis loops due to peak nitrate concentrations greater than pre-event concentration occurring on the falling limb indicates flushing of diffuse N stores and not simply the dilution of baseflow nitrate concentration (Figure 5a). The underlying chalk aquifer in the Blackwater sub-catchment had low nitrate concentrations (<0.1 mg N L-1) due to the impermeable layer of clay loam soils developed on glacial deposits up to 20 m thick.  Smaller loops were observed in all three years in October, increasing in size through November and December as the catchment wetted up and subsurface flow pathways were activated resulting in greater daily nitrate-N loads per unit of flow. The longer but less steep increases in nitrate-N concentration in response to larger flow events occurred from November to February when flows were high and prolonged events occurred due to the lag in baseflow input several days after rainfall. Wider and steeper hysteresis loops and marginally higher loads occurred between March and June during fertiliser applications. The long gradual loops (Figure 5a) are likely to represent the mobilisation of accumulated N stores during higher flow events (0.3 – 1.0 m3s-1). Short sharp loops in response to relatively low flow (0.05 – 0.3 m3s-1) which only occurred between April – June are likely to represent recently added N fertiliser and mineralised soil N which was rapidly and temporarily mobilised via activation of flow through the tile drains (Table 3). 
There was no evidence of nitrate-N source exhaustion from consecutive events, therefore nitrate-N transfer is transport limited. Soil water extracted at 90 cm depth from porous pots in clay loam arable fields in the western part of the Blackwater sub-catchment were found to have nitrate concentrations of up to 18 mg N L-1 in February 2014 (Lovett et al., 2015). Shallow groundwater can mobilise nitrate-N as the saturated zone intercepts the accumulated nitrate pool in upper soil layers on the receding limb of storm events (Rozemeijer and Broers, 2007; Oeurng et al., 2010). Evidence for this surface soil nitrate pool can be seen in Table 4, which shows the average soil nitrate-N concentrations at 0-90 cm depth in nine fields with the Blackwater sub-catchment. The largest nitrate-N peaks occurred during March to early June each year with peak concentrations between 10 and 17 mg N L-1, with concentrations peaking ~7 to 8 hours after peak flow. Outram et al. (2014) identified these types of events as ‘acute storm transfers’, a term more commonly associated with storm P mobilisation. Previous authors have also attributed wider and steeper loops in agricultural catchments to spring fertiliser applications via shallow groundwater mobilisation (Oeurng et al., 2010; Ferrant et al., 2013). The clear inverse relationship between event BFI and event nitrate-N load (Figure 8) suggests that events with a greater amount of quickflow mobilise greater quantities of nitrate-N in the study catchment. Mobilisation of nitrate-N itself is unlikely to be dominated by overland flow, with subsurface flows acting as the primary transport pathway. The three events which mobilised the largest quantities of nitrate-N (3200 – 4500 kg N per event) all occurred in 2013 when groundwater levels were already high and soils were saturated. Field drains were flowing at maximum capacity for extended periods (11 – 30 days) and were a sustained pathway for nitrate-N delivery from soil accumulated stores (Table 3).
4.2.2. Total Phosphorus
The lack of dilution in TP concentration during events (Figure 6a) suggests the dominance of diffuse sources of TP as opposed to point source inputs from septic tanks or sewage treatment works (STWs), in contrast to findings from the River Enbourne, UK (Bowes et al. (2015). The clockwise loops indicate that the source of TP was easily mobilised, close to the river network and easily exhausted by individual events (Bowes et al., 2005; Jordan et al., 2007; Bowes et al., 2009). Short sharp hysteresis loops in March - June during moderately low flow conditions (0.05 – 0.3 m3s-1) represent TP transfers associated with the beginning of an event and were therefore likely due to rapid mobilisation of TP deposited on the river bed between events. The fact that these types of loop are not observed between October and February indicates that higher baseflow levels do not allow the same degree of deposition between events. In all instances, TP concentration returned to pre-event levels before the discharge had receded, unlike nitrate, indicating source exhaustion. However, agronomic soil analysis of the top 15 cm in fields under intensive arable cropping has highlighted available Olsen-P concentrations between 10 – 52 mg P L-1 (P-index = 1 – 4; data not shown). Therefore, the crops are not taking up all applied P, with build-up occurring in the soil. These data therefore suggest it is unlikely that there is exhaustion of P in the soil from individual events. Phosphorus concentrations from individual field drains sampled frequently throughout the monitoring period revealed that TP concentrations were often below 0.05 mg P L-1 even during higher flow periods, therefore subsurface delivery is also not likely to be responsible for the highest peak concentrations during events (Table 3). 
Previous research in the Blackwater catchment found that suspended particulate matter (SPM) mobilised during events can contain high TP concentrations of up to 1.89 mg P L-1 (Cooper et al. (2015). Similarly, individual events were found to mobilise up to 9 kg ha-1 of SPM and 0.02 kg P ha-1 in particulate form. Employing sediment source apportionment techniques, Cooper et al. (2015) demonstrated that surface soils can contribute >60% of the fine (<63 µm) suspended particulate material transported by the Blackwater during typical winter storm events. This contribution from surface soil erosion appears particularly substantial considering the relatively flat topography of the catchment, the scarcity of overland flow generation and the presence of 6-10 m wide buffer strips along the majority of the river corridor. However, Cooper et al. (2015) found that metalled roads in the catchment were increasing land-to-river connectivity by channelling P-rich road runoff (up to 6 mg P L-1 ) from a few ‘critical source areas’ (CSAs), such as field entrances, eroding road verges and areas of hard standing used to store sugar beet. Such CSAs are only connected to the river network during the precipitation event itself, as runoff generation from impermeable road surfaces responds rapidly to both the onset and cessation of rainfall. Exhaustion of these CSAs by intense precipitation is only temporary as farm activity in between storms replenishes the store of easily-transported P. Because soil P concentrations are high and a 41% reduction in P fertiliser application from 2013 to 2014 did not result in a reduction in annual riverine TP load in relation to flow volume (see section 4.4), TP erosion cannot be considered source limited on a sub-catchment scale. However, events in short succession, such as those presented in Outram et al. (2014) show that TP delivery can be source limited when CSAs are exhausted in between events. Because of the flashy response of road runoff transporting pre-eroded material, TP transfers can also be considered transport limited as unless there is overland flow occurring, there are only short periods of connectivity between eroded P-rich topsoil and the river network. 
The importance of quickflow in transporting TP during events is evidenced by the strong negative relationship between event BFI and TP load (Figure 8).  Three of the five events which mobilised the greatest TP loads (47 – 59 kg P per event) occurred in 2013 and two occurred in 2014. There is evidence for overland flow during the events in 2013 and the February event in 2014 due to previously elevated groundwater levels and soil saturation. The high TP mobilisation was as a result of both CSA connectivity and overland flow transporting top-soil directly to the stream and road network. The event which occurred during May 2014 had the greatest contribution from quickflow of all events studied (65%) and took place after a dry antecedent period. The Hortonian flow during this event was likely to have been exacerbated by dry soils. Events dominated by quickflow in this catchment therefore pose greater risk in terms of TP riverine loadings.

4.3. Influence of antecedent conditions on nutrient mobilisation 
The relationship between daily flow volume and daily nitrate-N load remained fairly constant throughout the study but there were periods when the relationship differed between years (Figure 5b). The gradient of the relationship was marginally steeper in March, April, June and July in 2012 and in May 2014 compared to the other years, which all occurred after dry antecedent periods, indicating a build-up of N in soils. In addition, there is evidence of less intensive leaching of N fertilisers in 2012 (see section 4.4) which contributed to marginally higher daily loads per unit of flow when rainfall did occur between March – July in 2012. In 2013, the gradient between daily flow and nitrate-N load was marginally smaller than the other years for December – February and June despite a consistently higher daily nitrate-N concentration throughout the year (Figures 2c & 4b). Although the overall contribution of baseflow to total annual flow was lower in 2013 than 2012 and 2014, the total volume of baseflow was considerably higher (Table 2). This was due to regular winter rainfall events which could be responsible for continual, but less intensive, flushing of catchment nitrate-N stores, resulting in marginally lower daily loads per unit of flow. Davis et al. (2014) found that nitrate stores accumulated during a dry year and were depleted during a wet year. There is some evidence of this here, although the difference is less dramatic given that 2012 was recovering from drought as opposed to being in a state of drought. The overwhelming factor dominating nitrate-N loads appeared to be flow volume and catchment connectivity (see section 4.1, 4.2 and 4.4).
There was a greater degree of variation in the relationship between daily flow volume and TP load in comparison to nitrate-N. On several occasions the steepest monthly gradients occurred after dry antecedent conditions, such as December, January and March 2012, May and June 2013 and October 2014. CSAs are likely to retain eroded P-rich soil until mobilisation occurs during storm events via the road network. Whilst there was greater overall TP mobilisation during 2013, the monthly gradients throughout October to March were less steep than in 2012 and 2014 with the exception of November. The more frequent occurrence of large winter events could be responsible for more continuous mobilisation of TP, preventing the build-up of eroded soil in CSAs. The steeper gradient observed in November 2013 can be explained by the greater proportion of flow made up by quickflow (53%) due to high levels of soil saturation in the catchment (see section 4.2).  These data suggest that November - March and May are the months most at risk of high daily TP loads, although there were no consistent patterns between the three years. The inter-annual variation represents the episodic nature of TP mobilisation; the amount of TP which is available for rapid transport varies between events and years depending on mobilisation activity. The impact of dry antecedent conditions is more evident for TP than nitrate-N, with long dry periods resulting in higher daily TP loads. The impact of temporary source exhaustion after several successive events (see section 4.2) also impacts upon TP loads, such as between March and May in 2014.

4.4. Importance of contemporary nutrient inputs versus legacy stores on nutrient mobilisation
Total applied N fertiliser was very similar in 2012 and 2013 and yet the riverine nitrate-N load of 2012 was half that of 2013. The export coefficient of nitrate in 2012 was roughly half the value from 2013 and 2014 with values of 0.07, 0.15 and 0.13, respectively (Table 2).  This means that a large quantity of N was applied in 2012 which was not exported by the river that year. This likely contributed to large nitrate-N peaks when rainfall events did occur in 2012, but did not lead to overall greater annual load per unit of flow with the lowest flow-weighted concentration of the three years (5.6 mg N L-1).  However, this ‘excess’ fertiliser which was not exported from the catchment in 2012, combined with a similarly high N fertiliser input in 2013 did not result in a disproportionately higher annual riverine nitrate-N export in relation to flow volume (Figure 9a & c) with a flow weighted nitrate concentration of 6.5 mg N L-1.  In 2014, N fertiliser application was 21% lower than in 2012 and 17% lower than in 2013. Once again, flow volume largely explained annual riverine load. Although the riverine N load was 26 % lower in 2014 than 2013, the flow weighted concentration 6.5 mg N L-1 was very similar to that of 2013.
For TP, although the general pattern was similar (Figure 9b & d), the export coefficients were the same for 2012 and 2013 but double in 2014, with values of 0.01, 0.01 and 0.02 respectively. The P fertiliser application was 32% lower in 2012 compared with 2013 and 41% lower in 2014 compared with 2013. Similar to N, the riverine TP load for 2013, despite having a substantially higher P fertiliser application in that year, was proportional to flow (Figure 9b).  The larger export coefficient value in 2014 is because the fertiliser application that year was the lowest of the three years, compared with a relatively high riverine load, a considerable proportion of which was derived from the large erosive event at the end of May after a dry antecedent spring. Flow weighted annual concentrations for TP were virtually identical in 2012 (0.087 mg P L-1) and 2013 (0.089 mg P L-1) despite the drastic difference in hydrological conditions. The highest flow weighted concentration measured was in 2014 (0.097 mg P L-1), predominantly caused by the large event in May 2014, despite a substantial reduction in fertiliser from the previous year. 
The lack of deviation from the linear trend between annual flow volume and annual riverine load for nitrate-N and P, despite substantial changes in fertiliser loads from year to year, indicates that this agricultural catchment may be in a state of biogeochemical stationarity. That is to say, nutrients have accumulated within the landscape over many years and these could be acting as a long-term source to buffer against the expected inter-annual biogeochemical variation (Basu et al., 2010). High-frequency monitoring for several years is required to confirm if this is indeed the case. For an in depth discussion on spurious correlation between load and flow see Basu et al. (2010). Previous authors have shown that the temporal variation of flow pathways through the riparian zone associated with varying groundwater level connects different sources of solutes to the stream where matrix flow predominates (Seibert et al., 2009). Concentration-discharge patterns arise from interactions between “flow generating zones” and spatially distributed contaminant “source zones” (Basu et al., 2010). In 2012, the low annual discharge led to fewer opportunities for connection between source zones and flow generating zones. For nitrate-N this resulted in lower baseflow concentrations and therefore lower annual N load. TP baseflow concentrations were not lower in 2012, but the number of large magnitude events connecting CSAs to the stream were less frequent. 
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4.5 Implications for catchment management
Wet and dry hydrological regimes appear to present a different “issue” depending on the ecological requirements of the stream and the catchment management objectives, which may or may not be harmonious. The drought recovery year (2012) was prone to large concentration peaks of nitrate-N during events due to infrequent connectivity between source areas and active pathways. Higher concentration peaks during dry years could be problematic for concentration targets, such as the EU Drinking Water limit of 11.3 mg N L-1. In 2012, nitrate concentrations in the Blackwater were above the drinking water limit for 1.2 % of the year, compared with 0.02% in 2013 and 1.01% in 2014. Although dry antecedent periods do appear to have a temporary effect in elevating daily nitrate-N and particularly TP loads, the fact that there was little variation between the flow-weighted concentrations across the years means that the driving factor behind annual riverine loads is discharge volume. Total daily nitrate-N and TP loads were more frequently elevated in the wet year, 2013, which would prove more problematic for total maximum daily load (TMDL) targets in similar catchments, such as those under section 303 of the US Clean Water Act.  
Whilst the peak concentration of nitrate-N was highest within the fertiliser application window (March - May) each year (Figure 3c & d), the gradients between daily flow volume and daily nitrate load during this period (Figure 5b) imply that nitrate-N loadings were only slightly increased per unit of flow in comparison to the winter period. Therefore, whilst the timing of N fertiliser application during this window has a small impact on increasing daily nitrate-N loads, the bulk of this N is derived from legacy stores. This suggests that the timing of fertiliser application is less important than the overall application amount, with any excess added to legacy stores from previously applied fertiliser. 
There was no relationship between P fertiliser application and TP peaks or elevated daily TP loads. Therefore, the main issue is the quantity of applied P which is not taken up by the crop and contributes to an excess in soil reserves which can potentially be mobilised during heavy precipitation events, particularly if fertiliser is applied just prior to an event. The evidence presented here towards the existence of biogeochemical stationarity has long-term consequences for catchment management, as these large accumulated stores of nitrate-N and TP could take a long time to deplete. We agree with the conclusions of Basu et al. (2010) who suggest that mitigation options which deal with mobilisation of accumulated stores of nutrients, such as constructed wetlands, are used in conjunction with mitigation efforts aimed at reducing contemporary inputs. Increasing food production in order to meet population demands will require greater synchrony of fertiliser supply and crop demand and better understanding of fertiliser use efficiency to prevent further accumulation of N and P in agricultural landscapes.

5. Conclusions
The combination of high-frequency nitrate-N, TP and hydrological data alongside detailed farm input data have produced new understanding of the factors controlling nitrate-N and TP transport in a lowland arable headwater stream. Nitrate-N was found to be transport limited, whereas TP was found to exhibit signs of both source and transport limitation due to the interactions of surface pathways with variable CSAs. Total annual precipitation and catchment connectivity are important for nitrate-N and TP transport with fluxes in a wet year roughly double that recorded in a dry year. Dry antecedent conditions were found to result in a temporary elevation of nitrate-N and particularly TP loads in subsequent storm events, but the overwhelming factor dominating nutrient loads appeared to be the volume of runoff interacting with legacy nutrient stores. The timing of fertiliser application had little impact on riverine nutrient loadings and large reductions in annual fertiliser input due to differences in crop rotations did not result in similar reductions in riverine nitrate-N or P load. Therefore, a concerted effort by land managers in similar catchments is required to implement suites of mitigation measures which could minimise the build-up of soil nutrients and also limit the damage caused by the transport of legacy nutrients further down the river continuum. The case for experimenting with substantially lower fertiliser applications and evaluating the consequences for yields and gross margins is strengthened by the evidence of the accumulation of excess nutrients in the landscape due to inefficient fertiliser use. Long-term high-frequency research programmes such as the DTC are essential for identifying managed catchments exhibiting biogeochemical stationarity and to inform policy of the lag times involved in reducing legacy nutrient stores in the landscape.
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Figure captions
Figure 1. Location map of the upper Blackwater sub-catchment, a tributary of the River Wensum showing the main land use types and monitoring infrastructure.
Figure 2. Land use and fertiliser application in the Blackwater catchment during a three-year monitoring period. (a – c) land use (MAI = maize; POT = potatoes; SUB = sugar beet; SBD = spring beans (dried); VIP = vining peas; SBM = spring barley (malt); WBM = winter barley (malt); WOR = winter oilseed rape; WWF = winter wheat (feed); WWBr = winter wheat (bread); WWBi = winter wheat (biscuits); SOR = spring oilseed rape; DFB = dwarf french beans; WBF = winter barley (feed); WIO = winter oats; FAL = fallow; HLS and ELS = Higher/Entry Level Scheme environmental stewardship;), (d-f) inorganic and organic nitrogen fertiliser application rate and (g-i) inorganic and organic phosphorus fertiliser application rate.

Figure 3. High-frequency monitoring data and weekly fertiliser input data for the Blackwater sub-catchment for the 2012-2014 water years. (a) River flow, baseflow and rainfall for site F; (b) groundwater level from Merrisons Lane boreholes in west of Blackwater catchment – ML BH1 (50 m depth), ML BH2 (15 m), ML BH3 (12 m) and ML BH4 (6 m depth); (c) nitrate-N concentration and cumulative nitrate-N load for site F; (d) weekly N fertiliser application; (e) TP concentration and cumulative TP load for site F; (f) weekly P fertiliser application.
Figure 4. Stacked bar graphs showing quarterly totals of: (a) rainfall; (b) river flow; (c) riverine nitrate-N load and (d) riverine TP load for hydrological years 2012-2014.
Figure 5. Monthly relationships between (a) flow and nitrate-N concentration (30 min resolution) and (b) daily runoff volume and daily nitrate-N riverine load at site F for hydrological years 2012 (blue ‘+’), 2013 (red ‘*’) and 2014 (green ‘x’). Direction of all nitrate-N hysteresis loops is anticlockwise. Trendlines created from non-linear least squares regression.
Figure 6. Monthly relationships between (a) flow and TP concentration (30 min resolution) and (b) daily runoff volume and daily TP riverine load at site F for hydrological years 2012 (blue ‘+’), 2013 (red ‘*’) and 2014 (green ‘x’). Direction of all TP hysteresis loops is anticlockwise. Trendlines created from non-linear least squares regression.
Figure 7. Relationships between shallow groundwater level from ML BH4 in the west of the Blackwater sub-catchment and (a) daily river discharge; (b) storm event runoff ratios; (c) daily nitrate-N riverine load and (d) daily TP riverine load for hydrological years 2012-1014.
Figure 8. Relationship between event baseflow index (BFI)  and (a) event nitrate-N load and (b) event TP load.
Figure 9. Relationship between annual flow volume and (a) annual nitrate-N riverine load; (b) annual TP riverine load. Relationship between annual N fertiliser application and (c) annual riverine nitrate-N load; (d) annual P fertiliser application and annual riverine TP load.





Table captions
Table 1. Crop rotations in 2012 – 2013 in the upper Blackwater sub-catchment and N and P fertiliser input.
Table 2. Table 2. Annual summary of fertiliser, hydrological, meteorological, nitrate and TP data for three hydrological years (2012, 2013 and 2014). Standard deviation in parentheses.
Table 3. Summary of discharge, nutrient concentrations and nutrient loads for 13 agricultural tile drains monitored weekly between March 2013 and September 2014 in the Blackwater sub-catchment. Standard deviation in parentheses.  
Table 4. Average soil nitrate-N concentrations recorded at three depths in nine fields within the Blackwater sub-catchment. In each field, four measurements were made in September 2013 and four in February 2014. Standard deviation in parentheses.  
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