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Abstract 12 

Given the importance of phosphorus (P) in the eutrophication of natural waters, this study 13 

considered the long-term time series of total phosphorus (TP) and total reactive phosphorus 14 

(TRP) in British rivers from 1974 to 2012. The approach included not only trend analysis of 15 

fluxes and concentrations but also change point analysis. TP and TRP concentrations and 16 

fluxes in British rivers have declined since the mid-1980s. Over the last decade of the record 17 

the majority of individual sites did show significant downward trends in TP and TRP 18 

concentrations but, in 28% of cases for TRP concentration and 14% of cases for TP 19 

concentration, the decadal trend was a significant increase. Out of 230 sites, 136 showed a 20 

significant step decrease in TRP concentration; no sites showed a significant step increase. The 21 

modal year for the step changes for both TRP concentration and flux was 1997. Step changes 22 
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are likely associated with improvements made at sewage treatment works to comply with the 23 

Urban Waste Water Treatment Directive (91/271/EEC). The decrease in TRP concentration 24 

due to the step change were in the range of 0.68% and 89% with a geometric mean of 22%, 25 

with the rest of the decrease accounted by long-term, persistent downward trend. 26 

 27 

1. Introduction 28 

Phosphorus (P) is an essential nutrient for the metabolic functioning of all forms of life, it plays 29 

a crucial role in controlling productivity in both terrestrial and aquatic ecosystems (Correll, 30 

1998; Caraco, 2009). As an essential element for crop production phosphorus is vital for 31 

production of our food and bioresources; however inefficiencies in P use management and 32 

losses of P from agriculture and waste streams are a major source of impairments to water 33 

quality and security (Jarvie et al., 2015).  34 

Phosphorus from point and diffuse sources are a major contributor to eutrophication 35 

and impairment of surface water quality at the global scale (Hecky & Kilham, 1988; Mainstone 36 

& Parr, 2002). Contributions of these sources differ depending on catchment characteristics 37 

such aspopulation and land use (Smith, et al., 1999). Point sources usually contain a high 38 

proportion of soluble and more biologically available phosphorus (Jarvie, et al., 2006) while 39 

diffuse sources are generally in particulate forms (P sorbed to soil particles) (EA, 2015). The 40 

contributions of agricultural diffuse P loadings (e.g. farmyard runoff, pig slurry, erosion from 41 

fields.) can be substantially higher than from urban sources such as sewage treatment works 42 

(STW) effluent (Comber et al, 2013; Naden et al, 2016), road runoff and septic effluent 43 

(Edwards & Withers, 2008). Equally, in some UK catchments STWs have been reported as the 44 

dominant source of P, eg. Iversen et al. (1997) and Parr and Mainstone (1997), but spatial 45 

budgets for P flux are generally lacking. Worrall et al. (2016) in their geographically weighted 46 
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regression analysis of TRP and TP fluxes across the UK found significant roles for urban land 47 

use alongsisde and in comparison to significant roles for a range of soil types and agricultural 48 

land uses (Figure 1). For the flux of TP the most important source was urban land use which 49 

was found to be exporting 1.65 tonnes P/km2 of urban land use (Worrall et al., 2016), but that 50 

study could not detail what were the specific sources were within urban land use. 51 

A proportion of P loadings from diffuse and point sources within a catchment can 52 

accumulate in soils and aquatic sediments along transport pathways; this accumulated P can be 53 

remobilized or recycled, acting as a continuing source of  P transport with residence times of 54 

years to decades (Sharpley, et al., 2014). This source of P has been referred to as “legacy-55 

phosphorus” and can cause considerable delay in recovery of water quality impairment (Jarvie 56 

et al, 2013a; May et al., 2012; Powers, et al., 2016). 57 

The European Commission’s Urban Waste Water Treatment Directive (UWWTD - 58 

European Commission, 1991: 91/271/EEC ) was brought in to restrict the pollution of natural 59 

waters by wastewater including limiting urban water as a source of P. As a result of the 60 

UWWTD numerous actions have been taken to reduce direct phosphorus inputs into rivers 61 

from sewage treatment works (STW), most notably tertiary treatment of effluent (Defra, 2002; 62 

Neal, et al., 2010a).  63 

The UK lowlands have large population densities and thus rivers are highly vulnerable 64 

to P-sourced euthrophication (Neal, et al, 2010a). Mainstone & Parr (2002) have pointed out 65 

that catchments might be more sensitive to point sources such as STWs as they supply a similar 66 

flux of P even at low flows. Indeed, based upon observations from 54 monitoring sites, Jarvie 67 

et al. (2006) showed that even in rural areas with highly intensive agricultural P loadings, point 68 

P sources (wastewater) can represent a greater risk for river eutrophication linked to the 69 

dominant contributions of effluent P under baseflow conditions and periods of greatest 70 
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ecological sensitivity – this should viewed in contrast to the work cited above (Comber et al, 71 

2013; Naden et al, 2016). White and Hammond (2007) estimated that the total SRP (soluble 72 

reactive phosphorus) load of UK catchments was composed of 78% household, 13% 73 

agriculture, 4% industry and 6% background contributions; and for total TP load 73% 74 

household, 20% agriculture, 3% industry and 4% background contributions.  75 

The UK has accomplished considerable progress on P remediation; however it still falls 76 

behind other EU members states such as Denmark, Sweden, Finland and the Netherlands where 77 

whole territories have been treated as sensitive areas, and also a large proportion of the 78 

countries like Germany and France have been designated the same way (Mainstone & Parr, 79 

2002; IEEP, 1999). By 2002, only 2% of STWs in the UK had P-stripping installations (Foy, 80 

2007). Muscutt and Withers (1996) carried out a study among 98 rivers in England and Wales 81 

and reported that 80% of the rivers were failing a target limit of of 0.1 mg/l mean 82 

orthophosphate concentration (DoE, 1993). However, the UK has increased investment and 83 

accelerated implementation of the UWWTD at STWs in the last decade (Bowes, et al., 2010): 84 

investment in England was almost doubled from £9600 M in the period 1990 - 2000 to £16100 85 

M in the years between 2000 – 2015; with a total investment of £39126 M on STWs overall in 86 

the UK for the years between 1990 – 2015 (DEFRA, 2015). These actions have started to pay 87 

off with considerable reduction of phosphorus concentrations in many UK rivers (Kinniburgh 88 

& Barnett, 2010; Bowes, et al., 2009; Neal, et al., 2010c). Earl et al. (2014) found significant 89 

decreases in phosphate concentrations at the tidal limit in 68 out of 119 UK catchments that 90 

they considered between 1993 and 2003 which they ascribe to decreased use of polyphosphate 91 

in detergents and the introduction of the UWWTD. Nevertheless, the extent to which riverine 92 

phosphorus remediation will achieve the desired level of ecological improvement and also the 93 
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timescales required for ecological recovery remains uncertain (Bowes, et al., 2010; Jarvie et 94 

al., 2013b).  95 

The objective of this study was to understand the role of the UWWTD in reducing 96 

concentrations and fluxes of P at a national scale. The study will approach this objective by 97 

quantifying the concentration and flux over time of total TRP and TP at 230 monitoring sites 98 

across Britain. 99 

 100 

2. Methodology 101 

2.1. Study Sites 102 

This study used datasets obtained from Harmonized Monitoring Scheme (HMS: Bellamy and 103 

Wilkinson, 2001). The HMS is a long-term river quality monitoring programme established in 104 

1974 by the Department of Environment (DoE) and has been administrated by the Environment 105 

Agency since 1998. The programme comprises 270 river monitoring stations: data records of 106 

230 HMS sites were suitable for this study. Of these 230 sites, 56 sites are located in Scotland 107 

and 174 sites are located in England and Wales (Figure 2). No data were available from 108 

Northern Ireland; therefore this study was restricted to Great Britain (GB) rather than the entire 109 

United Kingdom (UK). For inclusion in the monitoring programme, locations at the tidal limit 110 

of main rivers with an annual average discharge above 2 m3/s or tributaries with an average 111 

annual discharge above 2 m3/s were selected. With this discharge criterion, a good spatial 112 

coverage on the coast of England and Wales was achieved. However, in Scotland widespread 113 

coverage is not achieved because many of its west-coast rivers are too small for inclusion. 114 

Four determinands within the database maintained by the HMS programme were used 115 

in this study: TRP concentration (mg P/l); TP concentration (mg P/l); instantaneous flow (m3/s) 116 

and daily average flow (m3/s). Due to the methodology used within the HMS monitoring 117 
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programme (Simpson, 1980; DoE, 1972), the entries listed as orthophosphate concentration 118 

should be considered as TRP, since the methodology for orthophosphate measurement is based 119 

on colorimetric analysis of molybdate-reactive P on an unfiltered sample, and thus contains 120 

orthophosphate, and other easily-hydrolysable P fractions in both dissolved and particulate 121 

phases (Jarvie, et al, 2002, 2003). For the TP measurement, there is an additional acid-122 

persulphate digestion step before the colorimetric analysis (DoE, 1972). The number of TP 123 

data available for analysis was much less than TRP data records  - 40887 data points for TP 124 

compared to.118547 datapoints for TRP concentration.  125 

In this study, both concentration and flux of TRP and TP were considered. Due to 126 

different monitoring agencies in charge, sampling frequencies and length of records varied 127 

between the sites. The length of records available for the study was from 1974 to 2012. Annual 128 

data were rejected at any site within any catchment where there were fewer than 12 samples in 129 

that year with the samples in separate months (f<12); in this way, a range of flow conditions 130 

would be sampled. Given this sampling frequency criterion, only 230 of the 270 sites within 131 

the HMS could be included in this study. Flux calculations were carried out using the method 132 

of Worrall et al. (2013). The method is based on the nature of the sources of variation within 133 

the flow and solute datasets and is a very simple method with a very low bias (8% for f = 1 per 134 

month) and a high accuracy (2% at f = 1 per month). The fluvial flux of a solute was estimated 135 

by the equation: 136 

 137 

𝐹 = 𝐾𝐸(𝐶𝑖)𝑄𝑡𝑜𝑡𝑎𝑙 (i) 138 

 139 

where: Qtotal = the total flow in a year (m3/yr); E(Ci) = the expected value of the sampled 140 

concentrations (mg/l); and K = constant for unit conversion (0.000001 for flux in tonnes). For 141 
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the best results, the expected value of sampled concentration was based upon expected value 142 

of a gamma distribution. Flux calculations were made for both TRP and TP records at each 143 

HMS site, where the sampling frequency criterion was met and the total flow per year could be 144 

estimated from daily flow measurements – there were 4920 site-year combinations where TRP 145 

flux could be calculated during the study period while for TP flux there were just 2228 site-146 

year combinations where the flux could be calculated.. 147 

 148 

2.2. Analysis of Variance and Covariance  149 

Analysis of variance (ANOVA) was used to test the difference in TP and TRP fluxes between 150 

monitoring sites across time. Two factors were considered, henceforward referred to as site and 151 

as year. The site factor had 230 levels representing each monitored site and the year factor had 152 

39 levels; one for each for the study period of 1974 – 2012. Analysis of variance was repeated 153 

using the water yield (annual average flow) as a covariate for each site. 154 

ANOVA assumes that each population is normally distributed; therefore, normality of 155 

the datasets was checked prior to analysis using the Anderson-Darling test (Anderson & 156 

Darling, 1952). When any non-normality was found, the data (or covariate) were log-157 

transformed before implementation of ANOVA: no further transformation was found to be 158 

required. Results are expressed as least square means (or marginal means) as they are the means 159 

controlled for all the factors and covariates. All results are reported at a significance level of p 160 

< 0.05 (95% probability of being different from zero). The results were expressed as least 161 

squares (or marginal) means within main effect plots; least square means are marginal means 162 

corrected for the influence of all other factors, interactions and covariates, to visualise the data.   163 

The proportion of variance, or in other words the magnitude of the effect of each factor 164 

and covariate, was estimated by generalized omega square (𝜔2) statistics (Olejnik & Algina, 165 
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2003). The 2 statistic is a different statistic than ANOVA’s coefficient of determination (R2) 166 

as that coefficient only explains the total variance in a model and does not give any information 167 

on individual contribution of factors to the variance.  168 

 169 

2.3. Time Series and Trend Analysis 170 

Trend analysis was used as a preliminary tool to obtain general descriptive information 171 

(positive, negative trends, or no trend) about each P time series for each catchment; therefore 172 

it was performed using linear trend analysis. The seasonal Kendall test (Hirsch et al., 1982) 173 

was used to assess the significance of any trend in the data sets and used to estimate the slope 174 

of any trend expressed as median annual change in the P concentration. The seasonal Kendall 175 

test is robust against departures from normality and resistant to outliers (Esterby, 1997). Only 176 

sites with at least 20 years of data between the study period of 1974-2012 were subjected to 177 

trend analysis for annual average concentration and flux data of TRP and TP. Also, a further 178 

trend analysis was performed on the last decade of the study period with the sites having 8 or 179 

more years of records between the years 2003-2012. 180 

 181 

2.4. Change Point Analysis 182 

In this study, preliminary visual inspection of the time series suggested that there were large 183 

step changes present in the series. To detect step changes in flux and concentration time series 184 

of TP and TRP, a non-parametric method Pettitt’s test (Pettitt, 1979) was used. The Pettitt’s 185 

test uses rank-based Mann-Whitney statistics 𝑈𝑡,𝑁 comparing two independent sample sets 186 

𝑥1, 𝑥2, … , 𝑥𝑡 and 𝑥𝑡+1, 𝑥𝑡+2, … , 𝑥𝑁 to test whether these sample sets are from the same 187 

population. The test statistic 𝑈𝑡,𝑁 is calculated as follows: 188 

 189 
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𝑈𝑡,𝑁 = 𝑈𝑡−1,𝑁 + ∑ 𝑠𝑔𝑛(𝑥𝑡 − 𝑥𝑗)𝑁
𝑗=1   for 𝑡 = 2, … , 𝑁   (ii) 190 

and    𝑠𝑔𝑛(𝑥𝑡 − 𝑥𝑗) = {

1, 𝑥𝑡 > 𝑥𝑗

0, 𝑥𝑡 = 𝑥𝑗

−1, 𝑥𝑡 < 𝑥𝑗

   (iii) 191 

 192 

The step change is defined where 𝑈𝑡,𝑁 has the maximum value, 𝐾𝑛: 193 

 194 

𝐾𝑛 = 𝑀𝑎𝑥|𝑈𝑡,𝑁|  (iv)   195 

 196 

The significance level of the step change is approximately: 197 

 198 

𝑃 = 𝑒𝑥𝑝 (
−6(𝐾𝑛)2

𝑛3+𝑛2 )   (v) 199 

 200 

An enhanced probability estimation was suggested by Wilks (2006) for joint evaluation 201 

of repeated test results, as in the case of Pettitt’s test, otherwise, familywise error (false 202 

detection rate – Ventura et al., 2004) will arise. Familywise error represents Type I errors 203 

(incorrect rejection of a true null hypothesis – false positive) in multiple hypothesis tests and, 204 

as more tests are performed, probability of Type I error increases. 205 

To correct the familywise error, a new significance level is defined by using the method 206 

developed by Sidak (1967): 207 

 208 

𝛼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 1 − (1 − 𝛼)
1

𝑁   (vi) 209 

 210 
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where: 𝛼 is the significance level or probability (𝛼 = 0.05 for Mann-Whitney U tests, 95% 211 

probability of a step change); 𝛼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the equivalent significance level that a test should 212 

be evaluated at; and 𝑁 is the number of repeated tests.  213 

For estimation of the effect size of any established step change, the Common Language 214 

Effect Size (CLES) method was used. In the CLES approach, the scores are ranked and all 215 

possible data pairs are compared for the compliance with the hypothesis, in the case of this 216 

study “the step change”. As the name implies, the results are reported in a common language 217 

which is the percentage of pairs supporting the step change.  218 

Correction of the familywise error has not been implemented in many studies that 219 

have used the Pettitt’s test (e.g. Xu et al., 2014). Furthermore, with the Sidak correction, only 220 

the enhanced probability of Type I errors (false positives) are overcome; the probability of 221 

Type II errors (false negatives) should also be considered, and again, this has been lacking in 222 

many studies employing the Pettitt test (e.g. Zhang et al., 2014). For estimation of the 223 

probability of a false negative (), statistical power analysis was performed.  224 

Assuming effect sizes of 0.2, 0.5 and 0.8 with samples from 10 to 50 and assuming 225 

ratio of group sizes of 0.5, 0.66 and 0.75, a priori power analysis approach was conducted by 226 

comparing the asymptotic relative efficiency to a t-test based on Lehman’s method using the 227 

G*Power 3.1 software (Faul et al., 2007; http://gpower.hhu.de/). The acceptable power was set 228 

at 0.8 (a false negative probability  = 0.2). According to the power analysis, the probability 229 

of a false negative could be approximated as: 230 

 231 

(1 −  𝛽) = 0.008𝑇 + 0.057𝑑 + 0.51
𝑡

𝑇
− 0.45 r2 – 0.899, n = 35       (vii) 232 

 (0.002) (0.06) (0.14) (0.08) 233 

 234 
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Where: T is  number of years in the time series (up to 39 in this study); d is the effect size (0.0 235 

to 1.0); and t is the larger number of years in the time series prior to or after the step change (a 236 

maximum of 19 years in this study). The values in brackets below the equation represent the 237 

standard errors in the coefficients and the constant term. Also, a significance level of 95% was 238 

taken into consideration for inclusion of the variables. 239 

Equation (vii) shows that for the power analysis of annual records as considered here 240 

where the maximum value of T is 39, then for the statistical power to reach the acceptable 241 

threshold of 0.8 (80%), this would only occur for the largest T (longest time series) where the 242 

step change was in the middle of the record (
𝑡

𝑇
 = 0.5) and the effect size was large (d = 0.9). 243 

Therefore, it can be concluded that, although false positives can be eliminated from the Pettitt’s 244 

test by use of the Sidak test, a high chance of false negatives will still remain. 245 

Pettitt’s test was applied to the annual average flux and concentration time series data 246 

of TRP and TP for the study period of 1974 - 2012. 247 

 248 

3. Results 249 

3.1. TRP Concentration 250 

There were 118547 data points that could be paired for concentration and flow from 1974 to 251 

2012 for TRP. The TRP concentration data had a median of 0.145 mg P/l with a 5th to 95th 252 

percentile range of 0.008 to 2.2 mg P/l. Prior to analysis, the Anderson-Darling test was 253 

performed and the data were found not to be normally distributed but log transformation was 254 

sufficient to normalise the data.  255 
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An ANOVA on TRP concentration records (Table 1) showed that both factors (site and 256 

year) were significant, with site being the most important factor both with and without the 257 

covariate. Inclusion of the log-transformed water yield as a covariate had only a negligible 258 

effect on explaining the variance on TRP concentration. Post hoc comparisons displayed 259 

significant differences between most of the sites. The magnitude of the variation between sites 260 

can be explained by the different soils, land use and point sources between catchments. Since 261 

the site factor had 230 levels the main effects would be very constrained, so data were 262 

investigated on a national level rather than on a river basin scale.  263 

Main effects plots for TRP concentration with respect to the year factor (Figure 3) 264 

illustrates an overlapping structure for the two sets of concentration data with and without the 265 

covariate which indicates that inclusion of the covariate did not create a significant change in 266 

the analysis. The average TRP concentration has been declining since its peak in 1984; it has 267 

fallen from 0.16 mg/L in 1984 to 0.064 mg/L in 2012.  268 

 269 

3.2. TRP flux 270 

For the study period 1974-2012, the number of site-year combinations for which a TRP flux 271 

could be calculated was 4920 and the number of sites for which one year’s flux could be 272 

calculated varied from 16 in 1974 to 167 in 2011. Flux data were also checked for normality 273 

via Anderson-Darling test and found not to be normally distributed, and were therefore log-274 

transformed before ANOVA. All factors were found to be significant at p<0.05 with site being 275 

the most important factor both with and without the covariate (Table 2). When the log-276 

transformed water yield was included as the covariate, it significantly reduced the importance 277 

of the site factor. Also, the importance of the year factor was diminished by the inclusion of 278 

the covariate. 279 
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The main effects plot of the year factor with respect to TRP, both with and without the 280 

flow covariate, displays a fluctuating decrease over the course of the study (Figure 4). Inclusion 281 

of the covariate had a smoothing effect on the main effects of TRP flux by reducing the peak 282 

sizes and resulted in a clearer main effects profile for the flux. As for the TRP concentration 283 

(Figure 3), the TRP flux has been in decline since the mid-1980s confirming that the effect 284 

observed in Figure 4 is not due to hydroclimatic drivers such as changing river flows but does 285 

represent a real decline in the amount of phosphorus moving through the fluvial network. 286 

Worrall et al. (2016) have shown that the British national flux of TRP has been in decline since 287 

the mid-1980s but found a sharp decrease in 1993 and also a peak in 2002 that was not observed 288 

in the main effects plot in Figure 4. 289 

 290 

3.3. TRP Trend Analysis 291 

For sites with records over the entire study period 1974 to 2012, out of the 230 sites, there were 292 

143 sites having a length of time series of 20 or more years for TRP concentration and flux. In 293 

the concentration time series, 116 sites had negative and 23 sites had positive trends while 4 294 

sites had no significant trend. Among the 143 sites available for TRP concentration trend 295 

analysis, 84 of them had an annual average below 0.2 mg/l by the end of the study period while 296 

a further 76 sites had an annual average below 0.1 mg/l by the end of the study period. 297 

Similarly, for the flux TRP flux time series, 92 sites showed a negative trend while 41 sites 298 

showed a positive trend with 9 sites showing no significant trend. A map of the sites with 299 

negative TRP concentration trends (Figure 5a) illustrated that the sites with the largest declines 300 

were from the Midlands and South East regions of England whereas South West England, 301 

Wales and Scotland had very low rates of decline. 302 
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The largest significant decline in the TRP concentration was observed in time series of 303 

River Alt above Altmouth pumping station (National Grid Reference (NGR): SD2921105091) 304 

in which the TRP concentration and flux has been declining since 1979 and 1981, respectively 305 

and displaying a sharp peak in year 1990. The largest significant increase in TRP concentration 306 

time series was observed in the records of River Douglas at Wanes Blades Bridge (NGR: 307 

SD4758912612).  308 

 309 

Trends in the Last Decade 310 

There were 80 sites having 8 or more years of TRP concentration and flux data between years 311 

2003-2012 – the last decade of the study period. For the concentration time series, 54 sites had 312 

significant negative trends, 22 sites had significant positive trends and the remaining 4 sites 313 

had no significant trend. By the end of the decade all the sites had an average TRP concentration 314 

below 0.2 mg/l and 79 sites had an average below 0.1 mg/l. The largest decline over the final 315 

decade of the study was the River Stour at Stourport Footbridge (NGR: SO8127070790). The 316 

site with the largest increase in TRP concentration time series in the last decade of the study 317 

period was the River Alyn at Ithels Bridge (NGR: SJ3902056230). 318 

 319 

3.4. TRP Change Point Analysis 320 

For the annual average concentration of TRP of the 230 sites where a record could be tested 321 

over the entire period of the study from 1974 to 2012, 136 sites for TRP showed a significant 322 

step change after familywise error correction; all the significant step changes were a step 323 

decline to a lower annual average. It is difficult to discern any particular pattern to the spatial 324 

distribution to the year when a significant step change occurred (Figure 5b) but most of the 325 
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step changes occurred between 1993 and 1997; very few step changes were detected by 2003 326 

– 2007. The modal year of the step change was 1997. 327 

Common language effect sizes of the steps in TRP concentration ranged from 0.14 - 328 

1.00 with a geometric mean of 0.89. In addition to CLES, actual sizes of the step changes were 329 

calculated by using the average concentrations for the year before and for the year after the 330 

step change. For TRP concentration, the actual sizes of the step changes were in the range 6.7 331 

– 96% with a geometric mean of 49% (step changes were in the range between 0.001 mg/l and 332 

2.36 mg/l with a geometric mean of 0.13 mg/l). Figure 5c show that step changes were rare for 333 

the rivers in Northern Scotland – an area of low population, extensive upland and livestock 334 

farming. The proportions of decrease in TRP concentration due to the step change were in the 335 

range of 0.68% and 89% with a geometric mean of 22%, with the rest of the decrease accounted 336 

by secular downward trend. 337 

For the annual average TRP flux records, the number of sites having a significant step 338 

change was lower than for TRP concentration. After familywise correction, 74 sites for TRP 339 

flux were found to have step changes with common language effect sizes in the range 0.46 - 340 

0.99 and a geometric mean of 0.87. The actual size of the step changes in flux were calculated 341 

to be in the range 5.8 – 97% with geometric mean of 50% for TRP (step changes were in the 342 

range between 0.33 ktonnes/yr and 1702 ktonnes/yr with a geometric mean of 38.9 ktonnes/yr). 343 

The majority of the step changes were in the period 1992– 1999; however, the modal year was 344 

2000. Given that most of the concentration step changes also occurred in a similar period 1993 345 

– 1997, it can be inferred that the real source of change is concentration and not river flow. 346 

3.5. Total Phosphorus 347 

TP Concentration 348 
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There were 40887 TP concentration data points that could be paired with flow records over the 349 

study period 1974 - 2012. The TP concentration had a median of 0.11 mg P/l with a 5th to 95th 350 

percentile range of 0.012 to 1.36 mg P/l. The Anderson-Darling test showed that the data 351 

distribution was not normal, and therefore the data were log-transformed – further 352 

transformation was not required.  353 

The ANOVA results (Table 3) showed that both factors were significant with site factor 354 

being the most important factor for the TP concentration both with and without the covariate. 355 

Inclusion of the log-transformed water yield as the covariate increased the importance of the 356 

year factor and decreased the proportion of variance explained by the site factor.  357 

Main effects plot of TP concentration with respect to the year factor with and without 358 

the covariate (Figure 6) displays an overlapping structure indicating that the inclusion of the 359 

covariate did not have a very large effect on ANOVA. The TP concentration peaked in 1985 360 

and has been declining since that year; the least mean square TP concentration has decreased 361 

from 0.33 mg/L in 1985 to 0.10 mg/L in 2012. The main effects plot of TP concentration shows 362 

a sharp decrease in 1994 (Figure 6); it is possible that this is due to a change in sampling in 363 

that year. However, it should be pointed out that by using ANOVA including site and year 364 

factors, the time series of the least square means of the year factor over time should be 365 

independent of the site factor. Still the monitoring programme is not completely cross-366 

classified with respect to sites and years of sampling and so the least squares means of the time 367 

factor could still reflect changes in sampling, equally differences between the years might be 368 

caused by specific events that occurred at particular sites in some years.  369 

 370 

TP Flux 371 

The number of site-year combinations for which a TP flux could be calculated was 2228 and 372 
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the number of sites for which one year’s TP flux could be calculated was between 1 in 1983 373 

and 199 in 2012. The Anderson-Darling test suggested that TP Flux data were log-normally 374 

distributed and data were log-transformed prior to ANOVA. 375 

Analysis of variance (Table 4) indicated that both factors were significant at p<0.05 376 

with the site being the most important factor both with and without the covariate. When water 377 

yield was included in the analysis as the covariate, the importance of both site and year factors 378 

diminished. 379 

The main effects plot of the year factor with respect to the TP flux both with and without 380 

the flow covariate (Figure 7) displays a fluctuating profile with flux decreasing since the mid-381 

1980s. As with the main effect plot of TP concentration over time (Figure 6), there is a sharp 382 

decrease in the least squares mean for TP flux in 1994. 383 

 384 

3.6. TP Trend Analysis 385 

Overall Trends 386 

For TP concentration and flux time series, there were only 8 sites having at least 20 years data 387 

for trend analysis. TP concentrations declined to below 0.2 mg/l in 6 of the sites and below 0.1 388 

mg/l in 5 sites. All the sites showed significant negative trends in both concentration and flux 389 

except for one site: River Ness at Inverness (NGR: NH665445). The time series for the River 390 

Ness shows that both concentration and flux data of TP increased between the years 1994 - 391 

2004 but a large spike in TP concentration in 2004 was of sufficient magnitude to distort the 392 

overall trend – we have no explanation for this spike. 393 

 394 

Trends in the Last Decade 395 

In the last decade of the study period, 95 sites had 8 or more years of TP concentration and flux 396 
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data. For concentration time series, 13 sites showed significant positive trends, 78 sites showed 397 

significant negative trends and 3 sites did not show any significant trend. Among these sites, 398 

93 of the sites declined to have an annual average below both 0.2 mg/l and 0.1 mg/l for TP 399 

concentration by the end of the study period. For the flux time series, 47 sites had significant 400 

positive trends, 44 had significant negative trends whereas 3 sites had no significant trend. The 401 

site with the steepest decline in TP concentration and flux time series was the River Stour at 402 

Stourport Footbridge (NGR: SO8127070790). The River Carnon at Devoran Bridge (NGR: 403 

SW7908739436) had the largest increase in TP concentration and flux time series in the last 404 

decade of the study period. 405 

 406 

3.7. Change Point Analysis 407 

For the annual average TP concentration, 31 sites were found to have significant step changes 408 

(after familywise correction) with all the step changes being to lower concentrations with 409 

common language effect sizes in the range of  0.80 - 1 with a geometric mean of 0.93 (Figure 410 

8). Also, the actual sizes to the step changes were estimated to be in the range of 20 – 83% with 411 

geometric mean 50% for TP concentration (Magnitudes of changes were in the range between 412 

0.013 mg/l and 1.72 mg/l with a geometric mean of 0.16 mg/l). Most of the step changes were 413 

in the period of 2003 – 2006 which is in contrast to the most frequent period of step changes 414 

found for the TRP concentration and flux; however, because of the scarcity of the TP records 415 

prior to 2002, most of the sites had very few data before the last decade of the study period 416 

(Figure 8).  417 
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For the annual average flux records, the number of sites having a significant step change 418 

is again lower than for TP concentration. After familywise error correction, only 4 sites had 419 

statistically significant step changes. The TP flux step changes had common language effect 420 

sizes in the range of 0.55 - 0.96 with a geometric mean of 0.79. The actual size of the step 421 

changes in flux were calculated to be in the range 32 - 81% with geometric mean of 50% for 422 

TP (size of changes were in the range between 9.2 tonnes/yr and 906 tonnes/yr with a geometric 423 

mean of 52.6 tonnes/yr). 424 

For none of the time series considered was there a step change before 1982 (Figure 9). 425 

For TP concentration and flux there was no step change before 1996 and the modal years were 426 

2005 and 2004 respectively. 427 

 428 

3.8. Comparison to fertiliser inputs 429 

Annual average concentration have declined since 1984 and 1985 for TRP and TP respectively 430 

(Figures 6 and 7). The British Survey of Fertilizer (Defra, 2015) shows that phosphate fertilizer 431 

usage in Great Britain peaked in year 1984 at 217530 tonnes P/yr, falling to 82387 tonnes/yr 432 

in 2012 which corresponds to a 62% decline (Figure 10). Despite the dramatic decline in 433 

fertilizer inputs, TRP flux did not decrease at the same rate. Over the same period, TRP flux 434 

declined from 33523 tonnes/yr in 1985 to 16481 tonnes/yr in 2012: a 50% decline. The ratio 435 

of TRP flux to fertilizer consumption was 0.15 in 1984 and 0.20 in 2012. On the other hand, 436 

TP flux has declined from 84288 ktonnes/yr in 1985 to 29643 ktonnes/yr in 2012, 437 

corresponding to a 64% decline; the ratio of TP flux to fertilizer consumption was 0.38 in 1984 438 

and 0.36 in 2012. There are, of course, multiple sources of both TRP and TP to the GB river 439 

network but the changing balance between flux and fertiliser input illustrates that not only the 440 

proportion of sources could be changing, but also that accumulated or legacy P could be an 441 
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increasingly important source (Waldrip et al., 2015). Surplus P has been noted in a range of 442 

environments, (e.g. global croplands - MacDonald et al., 2011) and that this has led to increased 443 

eutrophication of surface waters (e.g. Bennett et al., 2001). It has been proposed that this 444 

surplus can lead to prolonged P; leakage, which has been referred to as ‘legacy’ P (Sharpley et 445 

al., 2013; Jarvie et al 2013a). Haygarth et al. (2014) proposed that one approach to 446 

understanding whether P legacy would alter P concentrations and fluxes in surface waters 447 

would be to compile a full P budget for a catchment over time to explore trajectories of P 448 

accumulation and drawdown. Indeed, Powers et al. (2016) demonstrated for two large river 449 

basins (Thames, UK, Maumee, USA) that during the 1990s the net export from those 450 

catchments exceeded the inputs suggesting that today’s river P fluxes reflect contributions from 451 

legacy stores of P. 452 

There was a strong, and significant correlation apparent between UK P fertiliser use 453 

and average TRP concentration (Figure 10 - Annual average TRP conc. (mg P/l) = 454 

0.00072*annual fertiliser input (ktonnesP/yr), n= 39, r2 = 0.88, P= 0.00). There were also 455 

significant correlations between fertiliser inputs and annual average TRP flux, TP 456 

concentration and TP flux, but the correlation was strongest with the annual average TRP 457 

concentration. This significant correlation would imply that rivers leaving the UK would 458 

breach a standard of 0.1 mg P/l if the fertiliser input increased to over 139 ktonnes P/yr. 459 

However, such correlations will be misleading given the significant step changes observed for 460 

the individual time series (Figure 9). The secular trend in the national TRP and TP flux after 461 

1985 could then be interpreted as representing the amalgamation of step changes in individual 462 

catchments.  463 

 464 
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4. Discussion 465 

Understanding the driving forces behind these step changes is a complex issue; they cannot easily be 466 

attributed to linear drivers unless a threshold response can be justified. A step change could be caused 467 

by singular hydroclimatic events such as periods of drought or of sustained period of floods. On the 468 

other hand, droughts would be followed by a recovery and thus the effect sizes of the steps caused by 469 

droughts would be small. However, this study shows clear step changes with CLSE of approximately 470 

89%. Also, several major droughts that affected the UK have been listed by Hannaford (2015) for the 471 

years 1990 - 1992, and 1995 - 1997 but none for 2000s, whereas there are many step changes 472 

encountered in the 2000s in the results presented here (Figure 9). Therefore, the step changes 473 

encountered in this study cannot readily be explained by droughts.  474 

Comparing the geometric means of the effect sizes of concentration and flux records, it can be 475 

asserted that the actual step change is in concentration data and variations in flow can restrict step 476 

changes calculated for the flux records, resulting in fewer change points and lower effect sizes than the 477 

concentration records. The proportions of decrease in TRP concentration due to the step change were 478 

in the range of 0.68% and 89% with a geometric mean of 22%, with the rest of the decrease accounted 479 

by secular downward trend. Step changes can clearly be important contributors to overall decreasing 480 

trends therefore. Due to the lack of TP records in the monitoring database, the number of sites having 481 

significant step changes for TP concentration and flux are quite low and thus it is difficult to make 482 

interpretations on the step changes of TP.  483 

Following the UWWTD, the Water Framework Directive (WFD) (Council of European 484 

Communities, 2000) was enacted to deliver improved water quality in a range of waterbodies. 485 

Phosphorus was indicated as as one of the main pollutants with an emphasis on eutrophication of 486 

sensitive areas defined as part of implementing the UWWTD. With respect to the UK, the Department 487 

of Environment, Food & Rural Affairs (DEFRA) reported that there were 588 sensitive areas in the UK 488 

comprising 19,466 km of rivers and canals and 2,737 km2 of total catchment area (Defra, 2012). The 489 

targets for remediation of sensitive areas and elimination of euthrophication are to reduce annual 490 

average concentration of reactive P (RP: also referred to as orthophosphate or total reactive phosphorus 491 
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- Neal et al., 2010b) to between 0.02 mg P/l and 0.12 mg P/l; alkalinity is used to determine where in 492 

the acceptable range the SRP concentration should be (WFD UK TAG, 2008). Under the terms of 493 

UWWTD, sewage treatment works of <10000 population equivalent (p.e.) were required to install a P-494 

stripping unit (as tertiary treatment) (Ferrier & Jenkins, 2009). STWs were also required to either meet 495 

the specified concentration limits for P in the final effluent (defined as 2 mg/l for 10000 to 100000 p.e. 496 

and 1 mg/l for over 100000 p.e.) or to remove 80% of the incoming P (Kinniburgh & Barnett, 2010).  497 

Given that most of the step changes in TRP concentration were encountered in the period of 498 

1993 - 1997 (Figure 9) and assuming that the 1995-1997 drought had limited impact, these step changes 499 

can either be explained by a significant decrease in fertilizer inputs since 1993, or as a result of 500 

implementation of the UWWTD. Spatial distribution maps indicated that TRP concentration step 501 

changes encountered in the period 1993-1997 were mostly from urbanized regions such as the 502 

Midlands, North  West and South East England, whereas in less urbanized regions like Northern 503 

Scotland, Wales and South West England mostly have step changes in different periods or has seen no 504 

change. Therefore, it can be proposed that these step changes were brought about by the implementation 505 

of the UWWTD. This is in agreement with other studies from individual British rivers which have 506 

assessed changes in P concentrations, fluxes and eutrophication risk since the 1990s (e.g., Bowes et al 507 

2010, 2011, Whitehead et al, 2013; Earl et al, 2014; Bussi et a, 2016, Tappin et al., 2016). Worrall et 508 

al. (2016) could show that urban land use was the important contributor to the explanation of TP flux 509 

across the UK but did not consider change in this urban source over time. This study, however, for the 510 

first time demonstrates the integrated effects of these mitigation measures on riverine P fluxes at the 511 

national scale over time.  The UWWTD required tertiary treatment to strip P from treatment works 512 

greater than 15000 population equivalent (p.e.) by the 31 December 2000. Indeed, this study can show 513 

that after the implementation of the UWWTD in 1992, the modal year for change was in 1997, i.e. 514 

before deadline of 2000. At that date the UK was 90% compliant with the requirement: by the end of 515 

2007 it was 99.9% compliant (Defra, 2012). For treatment works between 2000 and 15000 p.e. the 516 

Directive required provision of secondary treatment by end of 2005. By the end of 2005, the UK was 517 

over 99% compliant, and indeed, this study has shown that within the decade 2003 to 2012, 24 out of 518 
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the 28 significant changes occurred prior to 2005, but only four after 2005. Finally, designated sensitive 519 

areas require tertiary treatment (e.g. phosphorus stripping). The UK currently has 588 sensitive areas 520 

totalling 19,466 km of river channel with a total catchment area of 2737 km².  It should be noted that 521 

although this study has associated step changes with changes at STWs we cannot comment on, or 522 

include in the analysis, the relative, or absolute, locations of the monitoring sites from the STWs in each 523 

catchment. Therefore, the scale of the step change demonstrated at each site that might be controlled by 524 

the distance from the nearest STW that has undergone a change in treatment technique. 525 

Worrall et al. (2014) showed that changes in POM were being driven by improvements in waste 526 

water treatment after the implementation of the UWWTD (European Commission, 1991). Numerous 527 

actions have been taken to reduce direct phosphorus inputs into rivers from STWs (Defra, 2002; Neal, 528 

et al., 2010a), including provision of secondary treatment (eg. activated sludge process) and installation 529 

of phosphorus stripping units as tertiary treatment. Nevertheless, it should be noted that concentrations 530 

of TRP and TP started decrease in the mid-1980s, before the implementation of Urban Waste Water 531 

Treatment Directive.  532 

In England since 1953 there have been 673 discharge consents made upon sewage treatment 533 

works that concerned the discharge of phosphorus from the works to surface waters, covering 187 534 

separate locations. In all cases the new discharge consent asked for a lower phosphorus concentration 535 

although they varied as to whether the discharge consents concerned the maximum or the mean value 536 

of the phosphorus concentration in the discharge. The timing of the new discharge consents shows that 537 

the modal year of the consent being issued was 1989 (before the UWWTD came into force); the second 538 

most important year was 1997. These discharge consents may therefore have contributed to pre-539 

UWWTD declines as well as the impact of declining fertilizer use. 540 

 541 

5. Conclusions 542 

Mean total phosphorus (TP) concentration for river waters leaving the UK has declined by 69% 543 

since a peak in 1985 – 60% decline for mean total reactive phosphorus (TRP) concentration. 544 
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In the decade (2003 to 2012) there was a significant decrease trend in TP concentration at 82% 545 

of the sites considered and a significant increases were only observed at 14% of 95 sites. 546 

Significant step changes were observed in many of the catchment records. Since 1974, of 230 547 

sites with sufficient TRP concentration records, 136 showed a significant step decrease with a 548 

modal year of 1997, a mean common language effect size of 89% and an actual effect size of 549 

a 49% decrease. The step changes can be ascribed to actions taken at sewage treatment as part 550 

of the Urban Wastewater treatment directive (UWWTD). However, not all the decrease 551 

observed in TP or TRP can be ascribed to step changes or actions at sewage treatment works. 552 

The proportions of decrease in TRP concentration due to the step change were in the range of 553 

0.68% and 89% with a geometric mean of 22%, with the rest of the decrease accounted for by 554 

long-term, persistent change. 555 
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Figure 1. Comparison of: a) land use (given as percentage arable land use per km2); and b) TP 736 

flux export per km2 for Great Britain from Worrall et al. (2016). 737 

 738 

Figure 2. . Location of HMS monitoring sites used in the study. 739 

 740 

Figure 3. Main effects plot for the annual average TRP concentration with and without the 741 

covariate over the study period 1974 – 2012. 742 

 743 

Figure 4. Main effects plot for the annual average TRP flux with and without the covariate over 744 

the study period 1974 – 2012. 745 

 746 

Figure 5. Spatial distribution map of: a) TRP concentration trends for the overall study period; 747 

b) the year before any significant step change; and c) the common language effect size (CLSE) 748 

of the significant step changes. 749 

 750 

Figure 6. Main effects plot for the annual average TP concentration with and without the 751 

covariate over the study period 1974 – 2012. 752 

 753 

Figure 7. Main effects plot for the annual average TP flux with and without the covariate over 754 

the study period 1974 – 2012. 755 

 756 

Figure 8. Spatial distribution map of: a) the year before any significant step change; and b) the 757 

common language effect size (CLSE) of the significant step changes. 758 



34 

 

Figure 9. Comparisons between step change years in TRP and TP concentration and flux time 759 

series records. 760 

 761 

Figure 10. Overall phosphate fertiliser application for the UK (ktonnes P - Defra, 2015) in 762 

comparison to the annual least squares means of the TRP concentration. 763 

 764 
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Table 1. Results of ANOVA and ANCOVA on Total Reactive Phosphorus (TRP) 766 

Concentration.  767 

Factor or 

Covariate 

Without Covariate With Covariate 

P-value 
Proportion of 

variance (𝜔2) 
P-value 

Proportion of 

variance (𝜔2) 

ln(Water 

Yield) 
- - 0.003 0.015 

Site 0 96.57 0 96.52 

Year 0 2.93 0 2.95 

Error - 0.005 - 0.52 

 768 

Table 2. Results of ANOVA and ANCOVA on Total Reactive Phosphorus (TRP) Flux. 769 

Factor or 

Covariate 

Without Covariate With Covariate 

P-value 
Proportion of 

variance (𝜔2) 
P-value 

Proportion of 

variance (𝜔2) 

ln(Water 

Yield) 

- - 0 9.25 

Site 0 96.94 0 88.25 

Year 0 2.12 0 1.92 

Error - 0.009 - 0.58 

 770 

 771 

 772 
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Table 3. Results of ANOVA and ANCOVA on Total Phosphorus (TP) Concentration. 783 

Factor or 

Covariate 

Without Covariate With Covariate 

P-value 
Proportion of 

variance (ω2) 
P-value 

Proportion of 

variance (ω2) 

ln(Water 

Yield) 

- - 0.135 0.006 

Site 0 95.38 0 95.21 

Year 0 3.35 0 3.43 

Error - 1.27 - 1.35 

 784 

Table 4. Results of ANOVA and ANCOVA on Total Phosphorus (TP) Flux. 785 

Factor or 

Covariate 

Without Covariate With Covariate 

P-value 

Proportion of 

variance (ω2) P-value 

Proportion of 

variance (ω2) 

ln(Water 

Yield) 

- - 0 16.16 

Site 0 94.01 0 79.44 

Year 0 2.94 0 2.70 

Error - 3.04 - 1.69 

 786 

 787 


