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Abstract A national river water quality database of

total reactive phosphorus (TRP) and total phosphorus

(TP) and flow was used, together with catchment

characteristic datasets (soils, land use and hydrocli-

matic properties), to derive national fluvial

phosphorus (P) flux estimates for Great Britain

(England, Wales and Scotland) from 1974 to 2012.

These fluvial P fluxes were compared with P imports

and exports, in fertilizer, food, feedstuffs, and indus-

trial products, along with coastal direct discharge of

wastes, at the British national boundary from 1990 to

2012. The results showed that: (i) Average annual

river TP concentrations in Great Britain have declined

from a peak of 0.27–0.1 mg P/l and annual river TP

flux has declined from 120 to 16 ktonnes P/year (0.49–

0.06 tonnes P/km2/year); (ii) Average river TRP

concentration has declined from a peak of 0.19–

0.05 mg P/l and annual river TRP flux has declined

from 71 to 10 ktonnes P/year (0.29–0.05 tonnes

P/km2); (iii) Over the period 2003–2012, even after

the introduction of the Urban Waste Water Directive,

60 % of UK’s TP flux was still from urban areas; and

(iv) In 1990, the fluvial flux of TP from the UK was

equivalent to 41 % of imports; by 2012 this had

decreased to 15 %. The UK (relative to its boundary)

continues to accumulate P and, over the last 15 years,

this accumulation has increased at an average rate of

0.6 ktonnes P/year2. Enhanced removal of P in waste

water treatment has shifted the environmental path-

way of sewage P from discharge to rivers to

accumulation in sewage sludge, which is largely

disposed of on agricultural land, and which could

eventually provide a sustained legacy source of P to

rivers for decades. However, a substantial proportion

of P accumulation is via food waste into landfills.
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Introduction

Phosphorus (P) is an essential element for food and

biofuel production, which cannot be substituted by

any other chemical element, and is a non-renewable

geological resource (Elser and Bennett 2011). The
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UK and the rest of Europe have no significant

indigenous phosphate rock resources, and the import

of P fertilisers has provided a vital foundation for

modern European food production (Withers et al.

2015). However, as a result of the availability of

cheap P fertilisers, P usage along food production,

consumption and waste management chains have

become increasingly inefficient and dissipative (Jar-

vie et al. 2013a, b). Inefficiencies in P use are not

only of concern for long-term P security, but have

profound negative downstream impacts, through

eutrophication, which impairs water quality, under-

mines aquatic ecosystem function and threatens water

security (Jarvie et al. 2015). Reliance on imports of

vital P resources risks exposure to commodity market

volatilities (Elser et al. 2014), and the UK’s national

food and water security will become increasingly

dependent on its ability to manage P more sustainably

(Jarvie et al. 2015). Consequently, it is of strategic

importance to understand the evolution of the UK P

balance, to track P inputs and outputs. Furthermore,

several authors have proposed that P is accumulating

in the terrestrial biosphere. Surplus P has been noted

in a range of environments, (e.g., global croplands—

MacDonald et al. 2008) and that this has led to

increased eutrophication of surface waters (e.g.,

Bennett et al. 2001). However, it has been proposed

that this surplus has accumulated in soils leading to

prolonged P leaking into catchments and this has

been referred to as ‘legacy’ P (Sharpley et al. 2013).

Haygarth et al. (2014) proposed that the only way to

understand whether P legacy was and would alter P

concentrations and fluxes in surface waters then a full

P budget would be required. Indeed, Powers et al.

(2016) demonstrated that for two large river basins

(Thames, UK, and Maumee, USA) that during the

1990s the net exports from the catchments exceeded

the inputs suggesting that both basins were relying on

legacy stores of P.

The potential for accumulation and for legacy

releases means that all fluxes should be viewed in a

wider budgetary context. This baseline information

will be needed to assist in identifying opportunities

for P recycling and to exploit stores of P within the

landscape (Withers et al. 2015). The UK’s intensive

and advanced agriculture coupled with its high

population density (third largest population density

within the EU—262 people/km2) mean that UK can

be expected to be an end member in terms of P

processing; this has already been noticed with respect

for nitrogen with respect to the UK (Worrall et al.

2009) and for The Netherlands, another advanced

agricultural economy with a population density even

greater than that of the UK (Kroeze et al. 2003).

Therefore, as a first step towards understanding the

UK’s national P balance, this study explores (1) the

changes the national P flux from, and through, the

rivers of the UK between 1974 and 2012; (2) the

controls upon the distribution and processing of that

fluvial flux of P across the UK; and (3) how these

national river fluxes compare with P imports and

exports across the UK national boundary, in fertilis-

ers, industrial products, food and feed and direct

(coastal) waste discharges.

Methodology

This study sought to estimate the P fluvial flux from

the UK in both terms of time and space. By

calculating fluxes in time and space it would be

possible to assess controls upon the fluxes and to

assess in stream processing and the loss from the

terrestrial biosphere as opposed to just the loss at the

tidal limit to the continental shelf. The approach used

to calculate fluvial fluxes for individual catchments is

based upon approach developed in Worrall et al.

(2014). Multiple flux estimation techniques are used

to develop the best possible values given the infor-

mation available for each catchment over time.

The study used data from the Harmonised Mon-

itoring Scheme (HMS—Bellamy and Wilkinson,

2001). There are 56 HMS sites in Scotland and 214

sites in England and Wales (Fig. 1; Table 1). Note

that one Scottish river (River Tweed) actually is

included in the NE England dataset because, although

most of its catchment is in Scotland, its tidal limit is

in England. HMS monitoring sites were selected for

inclusion into the original monitoring programme if

they were immediately above the tidal limit of rivers

with an average annual discharge greater than 2 m3/s;

in addition, any tributaries with a mean annual

discharge above 2 m3/s were also included in the

original monitoring programme. These criteria pro-

vided good spatial coverage of the coast of England

and Wales, but river flow in most western Scottish

rivers did not meet the average discharge criterion.

No HMS data were available from Northern Ireland
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so this analysis is necessarily restricted to Great

Britain (GB) rather than the entire United Kingdom

(UK). Within the database maintained as part of the

HMS programme, three determinants were of partic-

ular interest to this study: total reactive phosphorus

concentration (TRP; mg P/l); total phosphorus con-

centration (TP; mg P/l); average and instantaneous

river discharge (m3/s). From 1974 to 2012 there were

144,126 TRP concentration data reported above the

detection limit; and 45,564 measurements of TP

concentrations.

Within the HMS monitoring programme (Simpson

1980; Dept. of Environment 1972) entries listed as

orthophosphate concentration should be considered

as TRP, since the analysis is based on colorimetric

analysis of molybdate-reactive P on an unfiltered

sample, and therefore includes orthophosphate, and

other easily-hydrolysable P fractions in both dis-

solved and particulate phases (Jarvie et al. 2002). The

total phosphorus measurements involved an addi-

tional acid-persulphate digestion step, before the

colorimetric analysis (Dept. of Environment 1972).

Monitoring for TP is far more restricted in time and

space than for TRP.

Analysis of variance (ANOVA) was used to

consider all data from all sites for which the

frequency of sampling was more than 12 per year.

Prior to ANOVA a Box–Cox transformation was used

to remove outliers and the distribution of the data

tested using the Anderson–Darling test which, if

failed, the data were log-transformed. In ANOVA

three factors in relation to the concentration of TRP

and TP, and the ratio of the concentrations of TRP:TP

were considered: (1) the difference between calendar

years with 39 factor levels, one for each year between

1974 and 2012—henceforth referred to as the year

factor; (2) the month of sampling with 12 factor

levels, one for each calendar month—henceforth

referred to as the month factor; and, (3) the differ-

ences between sampling sites—henceforth referred to

as the site factor. The analysis was considered with

and without the instantaneous river discharge at the

time of sampling as a covariate. This covariate was

log-transformed to ensure the greatest proportion of

the original variance in the dataset was explained.

Results of the ANOVA are expressed as least squares

means (also called marginal means) as these are the

means controlled for the other factors and covariates.

Annual river loads

Among the monitoring agencies, water quality sam-

pling frequencies (f) vary, ranging from sub-weekly

to monthly or even less frequently. Annual data were

rejected at any site within any catchment where there

were fewer than 12 samples in that year with the

samples in separate months (f \ 12); in this way a

range of flow conditions would be sampled. A range

of methods were then applied.

The approach to the calculation of annual river

load used here was the same as that used by Worrall

et al. (2014) for the particulate organic matter (POM)

flux from the UK. The approach used a combination

of three methods. The first method used was an

Fig. 1 The location of sites that could be included in this study

and showing the regional divisions used for scaling up to give

national TRP and TP fluxes
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interpolation method based upon “method 2” of

Littlewood and Marsh (2005) modified for irregular

sampling: this approach assumes that each sample

taken at a site is equally likely to be representative of

an equal proportion of the year as any other sample.

Cassidy and Jordan (2011), with sub-daily measure-

ment of P, considered both bias and precision in using

interpolation methods and showed increasing bias

with decreasing sampling frequency, with bias of up

to 60 % on monthly sampling, and this scale of large

uncertainty for all sampling frequencies except for

near continuous monitoring. Therefore, common

interpolation methods are also inadequate because

they have considerable and variable precision and

accuracy across a range of sampling frequencies.

Alternatively, Worrall et al. (2013a) show by

considering both high-frequency data and by consid-

ering the sources of variation (Goodman 1960) that

the best method was a very simple method that had a

very low bias (8 % for f = 1 per month) and a high

accuracy (2 % at f = 1 per month):

F ¼ KE Cið ÞQtotal ð1Þ
where: Qtotal = the total flow in a year (m3/year); E

(Ci) = the expected value of the sampled concentra-

tions (mg/l); and K = unit conversion constant

(0.000001 for flux in tonnes). The concentration data

were best described by a gamma distribution and the

value of E (Ci) was based on the expected value of a

fitted gamma distribution. This method was applied

to the available TRP and TP data to every site in the

HMS data where the total flow per year could be

calculated from daily flow measurements.

However, the daily flow is not known at all

sampling sites within the HMS. To tackle this issue,

Worrall et al. (2013b) used analysis of covariance

(ANCOVA) to establish and correct for sample

frequency bias. The ANCOVA was used to derive a

correction factor for different sampling frequencies

and these correction factors were applied in such a

way as to correct all flow-weighted fluxes to the

average sampling bias to a sampling frequency

equivalent to better than weekly sampling. The

bias-correction method was used on all those sites

where Eq. (1) could not be used.

The flux for each HMS site in each year was then

calculated using the methods described above. As

with the concentration data the flux values for the flux

of TRP and TP were analysed using ANOVA, as

described above, with two factors (year and site) and

then also analysed including the annual river dis-

charge at each site as a covariate.

Table 1 The distribution and spatial coverage of catchments from which the UK TRP and TP flux could be calculated

Region No. of study

catchments

Area of region

(km2)

Area of study

catchments (km2)

Percentage of total

area sampled

NW England 17 14,165 11,652 82

NE Englanda 9 13,322 11,708 88

Trent Basin 11 (2) 21,600 21,600 (18,328) 100 (85)

Ouse Basin 4 14,362 4384 31

East Anglia 8 26,816 10,613 40

Thames Basin 4 (1) 12,900 11,259 (9948) 87 (77)

SE England 11 10,979 4850 44

Hampshire Basin 7 6422 2886 45

SW England 16 14,298 5911 41

Wales 23 20,779 9102 44

Scotlandb 26 (32) 74,087 10,759 (25,786) 15 (35)

N Ireland 0 13,843 0 0

Total 136 (130) 243,564 104,724 (115,168) 43 (47)

The values in brackets are for TP where they differ. Regions refers to those illustrated in Fig. 1
a The NE England includes 4300 km2 of the River Tweed which is in Scotland but which has a tidal limit in England
b The values for Scotland exclude 4300 km2 of the River Tweed which is within the country of Scotland but discharges to the sea in

England
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From the flux estimate for each site-year combi-

nation, the export rate as the flux per unit catchment

area per year was then calculated. The national flux

was then calculated using an area-weighted average

of export rates by region. For each region of the UK

for which P fluxes could be estimated, an average

export was calculated for each year from 1974 to

2012 (Fig. 1; Table 1). The regions are based upon

UK Environment Agency’s administrative areas that

are bounded by watersheds. The flux from all the

regions was summed to give the national flux. This

area-weighted, regional approach better represents

regional differences without biasing the national

value due to uneven spatial distribution of available

records, while also using all site information to

calculate national-scale flux. Errors due to upscaling

from catchment export estimates to the regional and

national scales was estimated as half the percentage

difference between the values estimated from the 5th

and 95th percentile exports for each region: this gives

an estimated upscaling error of ±15 %. No HMS data

were available for Northern Ireland. However, the

land area of Northern Ireland is 13,843 km2 and so

the results for Great Britain (the countries of England,

Wales and Scotland) could be scaled up to give an

estimate of the flux from the whole of the UK—no

account was taken of the particular land use, soil

types or climate of Northern Ireland.

Catchment characteristics

Where a catchment P flux (TP or TRP) could be

calculated for the period 2003–2012, the average

catchment flux over those years was compared to a

range of catchment characteristics. By comparing to

catchment characteristics it should be possible to map

the P flux across the UK and account for in-stream

processing such that the flux from the terrestrial

biosphere could be estimated and mapped across the

UK and not just national flux of P at a tidal limit. The

period 2003–2012 was chosen to remove distortion

due to any particular wet or dry years and because the

available land use data were collected for 2004. The

land use and soil types of the Great Britain (i.e., the

UK minus Northern Ireland) were classified as per

previous studies (Worrall et al. 2012a). Land use was

classified into: arable, grass and urban based upon the

June Agricultural Census for 2004 (Defra 2005). A

single measure for livestock, the equivalent livestock

units per hectare were calculated based on published

nitrogen, rather than phosphorus, export values

(Johnes et al. 1996). The dominant soil-type of each

1 km2 grid square in Great Britain was classified into

mineral, organo-mineral and organic soils based upon

the classification system of Hodgson (1997). Note

that, by this definition, peat soils are a subset of

organic soils. The catchment area to each monitoring

point was calculated from the CEH Wallingford

digital terrain model which has a 50 m grid interval

and a 0.1 m altitude interval (Morris and Flavin

1994). For each of the catchments, for which a P flux

could be calculated, the following hydrological

characteristics were used: the base flow index, the

average actual evaporation, the average annual rain-

fall and the average annual river discharge. The

hydrological characteristics for each catchment were

available from the National River Flow Archive (

www.ceh.ac.uk/data/nrfa/).

Multiple linear regression was used to compare the

average annual flux and export for the period 2003–

2012 to catchment characteristics (number of vari-

ables: 3 soil types; 3 land use; 1 livestock and 4

hydrological characteristics). Regression models

were developed firstly, with both explanatory vari-

ables and the response variable untransformed and

then, if necessary, log-transformed. Normality of

transformed and untransformed variables was tested

using the Anderson–Darling test and variables were

only included in the model if they were statistically

significant (probability of difference from zero at

p \ 0.05). Stepwise regression was used for variable

selection with both forward and backward selection

and the probability for inclusion set at 95 % of not

being zero. The variance inflation factor (VIF) was

used to check for collinearity with values of VIF [ 5

taken as being the level of concern. Models were

chosen both on the basis of model fit as assessed by

the correlation coefficient (r2), and, given the poten-

tial for collinearity (as assessed by VIF), the physical

interpretation of the model. Of particular interest

were models which only included those soil, hydro-

climatic or land-use characteristics that could be

mapped across Great Britain, and models that iden-

tified a relationship between P flux and catchment

area. The latter were used because significant net

losses should be discernible from the relationship

between total P flux and catchment area. The best-fit

significant model was obtained to judge this
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relationship. If the best-fit model included catchment

area, the model was then recalculated excluding

catchment area and the residuals of that model were

compared to the catchment area. In using regression

to filter the data for effects other than that of

catchment area, care was taken to consider informa-

tion that was a proxy or collinear with catchment

area, e.g., area of arable land. An analysis of residuals

was performed for statistically significant models,

where a standardised residual (residual divided by its

standard deviation) greater than 2 was considered an

outlier and worthy of further investigation. As further

analysis of fit of preferred models, the residuals after

model fitting were tested for normality using the

Anderson–Darling test.

National-scale estimates of P imports and exports

The fluvial flux of TP was compared to the P fluxes to

and from Great Britain with the national border taken

as the boundary of the budget assessment. The inputs

considered were: industrial usage; synthetic inorganic

fertilizers; and food and feed transfers. The outputs

considered were: fluvial flux of TP; and direct

discharges of TP to the continental shelf. The food

and feed transfers could be either a net input or net

output and so, for initial analysis, we will assess it as

an input but this does not prejudice the ultimate value

or status of that flux pathway. The fluvial flux of TP,

as conceived above, already incorporates leaching

and soil erosion and the discharge of sewage and

waste to rivers, but is the flux at the tidal limit and so

does not include direct sewage and waste output to

the sea. However, the OSPAR Commission has

reported fluxes of TP for direct discharge to the UK

continental shelf of industrial and sewage wastes

since 1990 (OSPAR Commission 2013). It has been

assumed that the input from wet and dry and

atmospheric deposition is negligible (Neal et al.

2004).

Phosphorus is redistributed in the landscape and

across national boundaries with food and feed

transfers as well as plant and seed transfers. For the

first time, this study uses commodity trade data to

estimate the P export or import in the form of food

and feed for the UK. The tonnage of imports versus

exports was compared for with the range of food and

feed commodities detailed in Table 2. The balance of

trade, i.e., the difference between imports and

exports, of food and feedstuff commodities was

available for every year from 1990 (DEFRA 1990 to

2013). The balance of trade in each chosen commod-

ity was then converted to a balance of P trade using

typical P contents of common foodstuffs based on

reports of the COFID database (McCance and

Widdowson 2002; Table 2). In each case the com-

position of raw uncooked food was used. For

freshwater fish, the composition of salmon was

assumed; for sea fish the composition of haddock

was used (haddock was the most commonly landed

sea fish); and for shellfish the composition of whole

crab was assumed (crab was the most commonly

landed shell fish). For meat it was assumed that the

dressed carcass was being transferred. Dressed car-

cass to live weight ratios were taken from Lord et al.

(2002); the large P content of meats is because the

dressed carcass includes a proportion of the bones of

the original animal.

Figures for the use of synthetic inorganic fertilizer

in the UK were derived for the period 1974–2012

from surveys published by the Fertiliser Manufactur-

ers Association and the Environment Agency of

England and Wales (British Survey of Fertiliser

Practice 2013). The vast majority of animal wastes in

the UK are returned to the land on the same farm as

they are produced and therefore represent an internal

transfer with no loss from the system (less than 3 %

of cattle manure—Smith et al. 2001), There is only

one river in the UK that crosses an international

border (River Blackwater between Northern Ireland

and the Republic of Ireland) which is only 1507 km2

in size and it is in Northern Ireland for which we have

no data.

Industrial usage can be considered as an input

because the UK has no actively worked reserves of

mineral phosphate and it thus relies on import of P for

inorganic fertilizers and industrial raw materials

containing P—for example, for manufacture or

included in detergents. Villalba et al. (2008) estimate

that 75 % of mined P is consumed in the production

of fertilizer and that was accounted for as described

above. Villalba et al. (2008) do not give values

broken down such that they could be used for the UK.

Comber et al. (2013) studied the domestic consump-

tion of P in the UK and showed that the average per

capita discharge to sewage treatment works was

2.05 g P/day/ca of which 0.8 g P/day/ca was food and

the rest was non-food items. Therefore, import of P in
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industrial goods represents 1.205 g P/day/ca and

annual records of the UK population from 1973 to

2012 were used to calculate the import of P as

industrial goods. This approach does assume that all

industrial usage of P is for consumables (e.g.,

detergents) and that none are disposed directly to

landfill (e.g., P used in plasticizers), it also assumes

that no industrial goods are re-exported, e.g., deter-

gent manufactured in the UK from imported P is then

immediately exported from the UK. However, P used

in iron and steel manufacture is normally recycled to

land in crushed slag products. Therefore, the use of

the study of Comber et al. (2013) is probably an

underestimate of industrial usage of P and its

processing in the UK. The results of Comber et al.

(2013) cover the period 2000–2010 and so we have

assumed that the results can be extrapolated back to

1990.

Since Northern Ireland is not included in the

fluvial flux data, it had to be corrected for by

upscaling from the area of Great Britain to that of the

UK. Further, most of the comparative P fluxes listed

above are from Government and other published data

sources and, as such, the flux was not calculated

within this study. Therefore, the original data were

not available to this study and so this study has had to

accept the error estimation from each individual

source. In some cases, no error or uncertainty

estimate is given; in other cases the error estimate

is not credible. For example, the OSPAR Commis-

sion (OSPAR Commission 2013) report the upper

and lower limit of direct flux of TP from the UK in

2011 as between 5.81 and 5.88 ktonnes P/year, an

error of only 0.6 %. In other cases, although the

reported flux error is given as a range, it is not always

clear what this range actually represents (e.g., min–

max, inter-quartile range or confidence intervals)

making it impossible for them to be considered here

as any comparison of uncertainties between different

forms or types of uncertainty (e.g., Range vs.

Table 2 The P content of food items, and fluxes used in this study to estimate UK boundary food and feed transfers

Commodity Net import (ktonnes) P content (mg P/100 g)

1991 2013

Whisky (ml) −227 −330 0

Wine (ml) 677 1222 6

Cheese 132 344 505

Poultry meat 56 46 3.9

Poultry meat products 10 250 170

Beef and veal 34 132 3900

Wheat −3281 2517 355

Lamb and mutton 23 −6 3900

Pork −2 171 3900

Breakfast cereals −40 −48 370

Milk and cream −44 −330 93

Bacon and ham 249 236 200

Butter 65 60 24

Eggs and egg product 16 66 63

Fresh vegetables 924 2155 130

Fresh fruit 2098 3396 11

Salmon −8 −42 250

Sea fish 486 347 200

Shell fish 198 142 120

Net imports are assigned a positive value and net exports a negative value and are sourced from Defra (1991–2013). P content values

are given as mg P/100 g for raw uncooked foods from McCance and Widdowson (2002) and subsequent COFID database updates

https://www.gov.uk/…/composition-of-foods-integrated-dataset-cofid
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standard error) would not be a fair comparison.

Therefore, for some fluxes considered in this study, it

was necessary to accept the uncertainty as reported in

the original source.

Results

TRP concentrations

Within the HMS database the median value was

0.16 mg P/l with a 5th to 95th percentile range of

0.009 to 2.25 mg P/l. Values below the reported

detection limit were not considered further. The least

sampled year was 1974 with only 2158 samples and

the most sampled year was 1992 with 5289 samples.

Box–Cox transformation removed 171 data leaving a

consistent detection limit of 0.002 mg P/l, but no

further transformation was required. Analysis of

variance (ANOVA) explained 83 % of the variation

in the data and showed that there was a significant

seasonal cycle and a significant downward trend

across the 39 years of the dataset. If flow is not

included as a covariate, the peak TRP concentration

was in 1989 (Fig. 2), i.e., prior to the inception of the

Urban Waste Water Directive (European Commis-

sion 1991). By 2012, the least-squares mean value

was less than 50 % of the value in 1974. When flow

was included as a covariate, then the peak TRP

concentration was in 1984 but there was no consistent

decline in TRP concentration until after 1990.

TP concentrations

Within the HMS database the median TP concentra-

tion was 0.114 mg P/l and a 5th to 95th percentile as

0.012 and 1.53 mg P/l. The least sampled year was

1983 with 147 samples and the most sampled year

was 2012 with 2928 samples. Transformation did not

improve the dataset. Analysis of variance explained

82 % with all factors being significant (greater than

95 % probability) with a decline in the annual least

squares mean from 1983 with values in 2012 again

less than 50 % of the value in 1974 (Fig. 3). Inclusion

Fig. 2 The time series of the TRP concentrations for the UK expressed as the least squares means of the year factor for TRP

concentrations
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of flow as a covariate did not change the observed

pattern but removed a large peak predicted for 1999.

TP versus TRP

It was possible to assess the ratio of TRP to TP in

40,880 cases; the median value of this ratio was 0.73

with the 5th to 95th percentile as 0.17 to 1; these

results show that a median of 73 % of total

phosphorus was reactive phosphorus. The ANOVA

of the TRP/TP ratio compared to the three factors

used as previously (year, month and site with and

without flow as a covariate) explained only 25 % of

the variance in the original dataset though all factors

were found to be significant. There were significant

differences between years but the least-squares means

show that a consistent trend across time is difficult to

discern even when flow is included as a covariate

(Fig. 4). When TRP and TP concentrations are

directly compared, then it would appear that, perhaps

not surprisingly, all samples could be described as a

mixture between TP, made up almost entirely of

TRP, and a form of TP made up of non-reactive P

(Fig. 5).

Annual fluvial fluxes of TRP

Within the dataset there were 5892 site-year combi-

nations for which a flux could be calculated. Over the

monitored period the number of sites that could be

included in the calculation of any one year’s flux was

between 64 in 1974 and 211 in 2009. The average

sampling frequency at each site peaked at 27 samples

per site in each of 1975, 1976 and 1977 and decreased

to only 13 samples/site/year in 2012 (remember that

sites with f \ 12 were already removed). Applying

ANOVA to the annual site-year flux estimates shows

that when both site and year factors are included then

the ANOVA explained 39 % of the variation in the

original dataset, but when annual water yield was

included, this rises to 70 % of the original variance

being explained and the inclusion of water yield as a

Fig. 3 The time series of the TP concentrations for the UK expressed as the least squares means of the year factor for TP

concentrations
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covariate removes a sharp peak in fluxes in between

1994 and 1996 (Fig. 6). Once water yield is allowed

for, then catchment fluxes peaked in 1995.

When using only method 2 with correction for the

unsampled area of the UK, then the flux from the UK

was between 22.6 ktonnes P/year in 1986 and 8.3

Fig. 4 The time series of the TRP:TP concentrations for the UK expressed as the least squares means of the year factor for the TRP:

TP ratio with and without the inclusion of river flow as a covariate

Fig. 5 Comparison of TRP

and TP for all available

samples
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ktonnes P/year in 2011. The preferred method

combination gave results that were between 8.3

ktonnes P/year in 2011 and 41.7 ktonnes P/year in

2000. The pattern is clearly dominated by two peaks

in 1984 and 2000, which were both very wet years in

the UK; the fluxes decline dramatically after 2000

(Fig. 7).

The annual flux from each catchment was aver-

aged over the last 10 years and compared to the

available catchment characteristic (land use, soil type

and hydroclimatic data). The best fit equation was:

where TRP = decadal average annual flux of TRP

(tonnes P/year); Urban = area of urban land use

(km2); Grass = area of grass land (km2); Org-

Min = area of organo-mineral soils (km2); and

Org = area of organic soils (km2). All terms in

Eq. (2) were significant at least at the 95 % probability

of being different from zero and the terms beneath in

the brackets are the standard errors in the coefficients.

No other variables (land use, soil type or hydrology)

were found to be significant and there was no

significant constant term. There was no significant

role for catchment area or for the area of arable land

use and the variance inflation factors for terms in

Grass or OrgMin suggest a high degree of collinearity
between soil and land-use terms. Equation (2) was not

suitable for mapping across the UK and unexpectedly

there was no significant term in catchment area. The

term in catchment area has previously been used to

estimate in-stream losses (e.g., Worrall et al. 2014).

Fig. 6 The time series of the TRP fluxes for the UK expressed as the least squares means of the year factor for TRP fluxes

ð2Þ
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Principal component analysis was used to assess

the multivariate structure of the dataset, in which 3

components were found with an eigenvalue [1. The

loadings on the first 3 components (Table 3) show

that the first component has similarly high loadings

for the terms in area, mineral soils, organo-mineral

soils, arable; grass and urban land uses that compare

with a high positive loading for TRP flux but not for

the TRP export and a negative loading for annual

flow. Component 1 shows a correlation between most

of the catchment characteristics which would lead to

issues of co-linearity in isolating a single predictive

parameter set. Component 2 has only low loadings

for the TRP flux and export while component 3 has

high positive loadings for both, but for component 3

the third most important variable was a negative

loading for arable land followed by a positive loading

for urban land. Therefore, component 3 represents

catchments with high flux and export but are

dominated by urban but not arable land.

The fit of Eq. (2) can be understood when the

relationship between TRP flux and urban area is

examined (Fig. 8). There is a clear linear relationship

(in log–log space) between the most rural catchments

in the dataset (marked A—Fig. 8) and the most

urbanised catchment in the dataset (marked B—

Fig. 8). However, it is also clear from Fig. 8 that there

is an influence of urbanised catchments with low TRP

with the extreme case being the site marked C. These

latter catchments may be ones where, although

urbanised, these export their major sewage or waste

outfalls export to a different catchment, i.e., the

sewage from the population of these catchments is

actually processed in another catchment. Alterna-

tively, the type of behaviour typified by site C is that

where there has been extensive clean-up and P

stripping from sewage effluent. When a linear

relationship is explored as an alternative to Eq. (2),

Fig. 7 The TRP flux from

the UK over the period

1974–2012

Table 3 The principal component analysis of the TRP fluxes

and exports

Variable PC1 PC2 PC3

TRP flux 0.34 −0.03 0.45

TRP export 0.04 0.16 0.77

Area 0.38 −0.18 −0.10

Flow −0.22 −0.52 0.16

Mineral soils 0.35 0.15 −0.20

Organo-mineral soils (km2) 0.32 −0.21 0.02

Organic 0.01 0.28 0.01

Arable (km2) 0.33 0.26 −0.26

Grass (km2) 0.36 −0.19 −0.02

Urban (km2) 0.33 0.16 0.23

Cumulative variance explained (%) 52 71 84

Loadings given for those principal components with an

eigenvalue [1
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then 0.98 tonnes P would be expected from each

1 km2 of urban land use.

Annual fluvial fluxes of TP

Within the dataset there were 3606 site-year combi-

nations for TP flux. The median flux was 31 tonnes

P/year with a 5th to 95th percentile of 2.7 to 510

tonnes P/year. Over the monitored period the number

of sites that could be included in the calculation of

any one year’s flux was between 64 in 1974 and 226

sites in 2012 with a minimum in 17 sites in 1984. The

average sampling frequency peaked in 1977 at 14.8

samples per year. Normality testing and the Box-Cox

transformation removed only 4 data points. When

ANOVA was performed, the factors of site and year

explained 63 % of the original variance but this

increased to 73 % when annual water yield was

considered as a covariate (Fig. 9). The main effects

plot shows a decline in TP fluxes from the study sites

since 1992—the year of the inception of the Urban

Waste Water Treatment Directive (European Com-

mission 1991).

Using the preferred method, the flux of TP from

the UK varied from 120 ktonnes P/year in 1976 to

10.8 ktonnes/year in 1986 (0.04–0.49 tonnes P/km2—

Fig. 10). However, only after 2002 did the number of

sites sampled in any 1 year rise above and stay above

200 and the period 2003–2012 was the period of the

entire record when all regions were represented

within the weighted sum used to calculate to the

UK scale. From 2003 onwards, the peak flux was in

2003 at 53.8 ktonnes P/year to a low of 15.8 ktonnes

P/year in 2011 (0.06 to 0.22 tonnes P/km2). Earl et al.

(2014) estimated that the average annual flux from

the UK between 1993 and 2003 was 34.5 ktonnes

P/year (0.14 tonnes P/km2) compared to a value from

this study of 30.3 ktonnes P/year (0.12 tonnes P/km2).

Smith et al. (2005) considered the TP flux from

Northern Ireland based and found a TP flux to coastal

waters of 2174 tonnes P/year (0.15 tonnes P/km2).

When compared to catchment characteristics:

Fig. 8 The average TRP

flux (tonnes P/year) for each

study catchment in

comparison the proportion

of urban land use within

that catchment. The points

distinguished by letters are

discussed in the text

ð3Þ
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where OrgMin is the area of organo-mineral soils

within the catchment (km2), Org is the area of organic

soils within the catchment (km2), Grass is the area of

grasslandwithin the catchment (km2),Urban is the area

of urban land within the catchment (km2), and Area is

the the area of the catchment (km2). Only parameters

found to be significant at least at the 0.95 probability

level were included and values in brackets beneath

Eq. (3) are the standard errors in the coefficients. There

was no significant constant term in Eq. (3) which could

imply that there was no background TP flux from the

study catchments; however, it should be pointed out

that for no single square kilometre in the UK is the area

of organo-mineral or organic soils; grassland or urban

area actually zero and so Eq. (3) would predict a TP

flux from any location in the UK. Equation (3) has no

significant term for arable land. When arable land was

retained within Eq. (3), then it had a negative

coefficient implying the physically illogical conclu-

sion that arable land acted as a sink of TP. The variance

inflation factors showed that area and arable terms

were, as also demonstrated for TRP above, highly

collinear. A similar collinearity between terms in

arable and area was observed for nitrate (Worrall et al.

2012a) and can be ascribed to the fact that in the UK

the lowland areas most suitable for arable farmland are

closest to the sea in the UK and, as catchment area

increases, the land being added to the catchment area is

more likely to be arable. It is physically reasonable that

a negative term in area represents in-stream removal

and this was also observed for both fluvial nitrogen

and carbon (Worrall et al. 2012a, b). Equation (3) can

now be considered an export coefficient model for

TP and, as such, Eq. (3) predicts that, for example,

grassland on organo-mineral soils would export 0.33

tonnes P/km2/year. White and Hammond (2007)

summarise export coefficients from McGuckin et al.

(1999) and Smith et al. (2005) for UK land uses (but

not soil types) and they range from 0.01 to 0.48

tonnes P/km2/year. Unlike Eqs. (2) and (3) implies a

significant in-stream loss at a rate of 0.14 tonnes

P/km2/year.

Fig. 9 The time series of the TP fluxes for the UK expressed as the least squares means of the year factor for TP fluxes
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Equation (3) can be mapped across Great Britain at

a scale of 1 km2 (Fig. 11) and contributions to

national TP fluvial fluxes can be estimated (Table 4)

—this includes an estimated in-stream loss of 34.2

ktonnes P/year. The map of TP fluxes across Great

Britain (Fig. 11) shows hotspots in fluvial P fluxes

([1 tonnes P/km2/year) in the major cities. Large

areas of western and northern England, which

correspond with areas of highest precipitation and

runoff with grassland/livestock production, had P

fluxes of 0.2–0.5 tonnes P/km2/year. In contrast, the

areas of arable production in the south and east of

England, which receive high fertiliser inputs, but very

low net annual precipitation, have fluvial total P

fluxes of less than 0.1 tonnes P/km2/year, similar to

TP fluxes in the highlands of Scotland.

Comparing national river P fluxes with trade

inputs and outputs

The import of synthetic fertiliser peaked in 1984 at

2175 ktonnes P and has declined ever since to 81.5

ktonnes P by the end of the 2013 (Fig. 12; Table 5).

Note that Fig. 12 and Table 5 run from 1990 to 2013

as this is the common period for which all flux

pathways could be estimated. The export of food and

feed has declined since 1990 with a net export

peaking in 1994 at 7.9 ktonnes P, becoming a net

import of P in 1998 and by 2012 the UK was

importing 28.7 ktonnes P/year in food and feedstuffs.

Imports of industrial P have risen exactly in line with

population and by 2012 the imports were 28.6

ktonnes P/year, but this is to be expected given that

the estimation method was based on per capita data.

Villalba et al. (2008) considered the global industrial

production and consumption of P and find that 75 %

of P production goes to fertiliser and the remainder to

other products. Villalba et al. (2008) did not give

values for the UK but did for Europe (1464 Mtonnes

P in 2007, or 1.97 tonnes P/ca/year). Rescaling the

values of Villalba et al. (2008) for the UK population

this would be 124 ktonnes P/year for industrial use

which would divide as 93 ktonnes P/year as fertiliser

and 31 ktonnes P/year as other industrial uses. In this

Fig. 10 The TP flux from the UK over the period 1974–2012
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study, for the UK, in 2012 the total industrial

consumption was 110.3 ktonnes P of which 74 %

was for fertiliser, i.e., the estimates based upon

Comber et al. (2013) may only be a slight underes-

timate. The direct discharges of TP to the sea have

declined from 22.0 ktonnes P/year in 1990 to 5.5

ktonnes P/year in 2012. This decline can be ascribed

to improved waste water treatment provision, imple-

mented in part as a response to the Urban Waste

Water Treatment Directive (European Commission

1991). The total UK P budget changed from a net

input of 101 ktonnes P/year in 1990 to a net

accumulation of 112 ktonnes P/year in 2012 (Fig. 12).

It is important to note that the UK is now accumu-

lating P and that the rate of accumulation is not

declining because, although fertiliser inputs are

diminishing, the amount being exported via rivers

and direct discharges has declined more rapidly.

Indeed, in 1990 the fluvial flux of TP at the tidal limit

represent 40.8 % of the imports of P to the UK but by

2012 the fluvial flux of TP at the tidal limit

represented only 15.4 %.

Discussion

It is difficult to find comparable studies that consider

total P budgets at a regional scale. There have been

farm-scale budgets (e.g., Haygarth et al. 1998; Ruane

et al. 2014) and these note the P accumulation in

agricultural systems that would lead to over-fertilised

soils (Sharpley and Smith 1989). Smith et al. (2005)

considered the TP flux from Northern Ireland based

on an estimate of the country running an agricultural

surplus of P of 1.65 tonnes P/km2 (Foy et al. 2002).

For some sectors there have been large-scale studies,

for example, Bouwman et al. (2013) explore the

global impact of changing livestock production on P

cycles and show increasing P surpluses with those

surpluses being lost to fluvial networks. There have

been studies at the regional scale of fluvial fluxes of

P, Similarly, examples of P budgets exist for urban

Fig. 11 The TP export from the terrestrial biosphere to the

river network at the 1 km2 scale

Table 4 The components of the Eq. (3) for the UK

Soil or land use Export coeff.

(tonnes P/km2)

Area of soil or land

use (1000 9 km2)

Flux at terrestrial

source (ktonnes P/year)

Organo-mineral soils 0.14 97.5 13.65

Organic soils 0.13 65.4 8.32

Grassland 0.19 111.9 21.3

Urban 1.68 35.0 57.8

Area −0.14 244 −34.2

Total 68.1
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land use at a global scale (Moree et al. 2013); global

soils (Van Vuuren et al. 2010) or the projection of

global P demand (Bouwman et al. 2009). Kronvang

et al. (2007) modelled the TP flux from European

countries draining into the Danube and calculated

fluxes between 0.07 and 0.12 tonnes P/km2. Seitzin-

ger et al. (2005) estimated that the global flux of TP

to the oceans was 11 Mtonnes P/year (0.074 tonnes

P/km2/year) compared to 9 Mtonnes P/year (Mey-

beck 1982) and 20 Mtonnes P/year (Mackenzie et al.

1993). Meybeck (1982) predicted that only 7.5 % of

the TP was as SRP. So although these studies have

considered fluvial fluxes and agricultural surpluses,

they do not provide a national budget and cannot give

an estimate of the fluvial fluxes as a proportion of the

total P exchanges as described here. However, these

approaches have not considered the fluvial fluxes in

the context of total P budget and have focused upon

the agricultural sector rather than all the fluxes,

although such inclusive approaches have becomes

Fig. 12 The total P budget with respect to the UK border

Table 5 The components of the TP budget at the UK border between 1990 and 2013

Flux pathway P flux (ktonnes) Average annual change

1990–2013 (ktonnes P/year)
1990 2013

Synthetic inorganic fertiliser 188 82 −5.4

Food and feed −3 27 1.7

Industrial 26 29 0.1

Direct discharge −22 −6 0.6

Fluvial flux −87 −22 5.6

Total 101 118 2.1
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common in the study of nitrogen (e.g., Sutton et al.

2011).

The P budget presented here was quantified

relative to the UK national border and so does not

cover the re-distribution of the P within landscape

compartments. However, internal re-distribution is an

important consideration where the projected P accu-

mulation is concerned. The increase in P

accumulation has been brought about by declines in

fluvial and direct coastal waste P disposal fluxes, as a

direct result of improvements to sewage treatment.

This has resulted in a major shift in environmental

pathways of sewage P, which was previously dis-

charged via effluent to rivers and the coastal zone.

Accordingly, an increasing proportion of this effluent

P flux is now removed in sewage sludge and disposed

of to the terrestrial environment. In 2000, 52 % of

sewage sludge was disposed on agricultural land in

England and Wales, and 17 % was sent to landfill

(DEFRA 2002). Thus, a high proportion of this

accumulation of P from sewage sludge is likely to be

within soil. Groundwater represents another potential

sink for dissolved P mobilised from sewage sludge.

Holman et al. (2008) have collated the SRP concen-

tration data for English and Welsh groundwater and

found a median value of 30 μg P/l but did not assess

any trend on that data making it impossible to judge

whether groundwater is acting as an increasing sink

of SRP. Furthermore, the use of P fertiliser and

feedstuffs to enhance livestock production will act to

flux P to landfills through supply of meat on the bone

to consumers; the majority of P consumed by

livestock goes to develop the animal’s bone structure

rather than its protein content (McCance and Wid-

dowson 2002). The bones of butchered animals are

often rendered and now incinerated to be returned to

land, but for meat sold to customers as meat on the

bone, the bones component will be sent to landfill.

Furthermore, if in 2000, 52 % of sewage sludge was

disposed on agricultural land in England and Wales,

and 17 % was sent to landfill then 38 % was

incinerated. Incinerator ash, rich in P, would be

disposed of to landfill or used in cement manufacture,

i.e., locked into long-term stores. The P accumulating

within terrestrial or groundwater P stores provides a

long-term legacy P source to surface waters (Jarvie

et al. 2013a; Sharpley et al. 2013) but accumulation

into landfill will not represent a long –term source to

surface waters. These terrestrial and groundwater P

pools have vastly different residence times, with

major implications for timescales of legacy P storage

and recycling. For example, landfill will likely be a

much longer-term P store, than soils where P will

likely be recycled over much shorter timescales, e.g.,

years to a few decades (Jarvie et al. 2013a). The

longevity of P storage in groundwater is more

variable and dependent on aquifer type. For example,

in Chalk, co-precipitation of phosphate with calcium

carbonate is very efficient at locking up P into a

highly insoluble form within the Chalk matrix,

effectively resulting in an effectively permanent P

sink (Neal 2001). In contrast, other aquifer systems

can exhibit much shorter timescales of P storage and

remobilisation, for example in karst groundwaters,

where P storage and remobilisation can occur within

the order of a decade (Jarvie et al. 2014). Sattari et al.

(2016) have proposed that at the global scale,

grasslands have a negative P budget because the

return of manure and sewage sludge is not sufficient

compared to the offtake of food from grassland

implying that grassland would not be the site of

accumulation. However, the analysis of Sattari et al.

(2016) did not allow for the increase diversion of

human sewage (as is noted in this study); the fact a

proportion of the P in sewage sludge that is returned

to land most come from industrial products and not

from human sewage; and the return P via rendered

animal carcasses (even after incineration as is

required in the UK). Between 1992 and 2012, the

total amount sewage sludge either incinerated or

supplied directly to landfill rose from 219.5 ktonnes

dry solids to 268.3 ktonnes dry solids (i.e., an

increase of 2.57 ktonnes dry solids/year—DEFRA

2012). Bending et al. (1999) give the P content of dry

sewage sludge in the UK as between 1.5 and 1.9 %

which means that the increase in sewage sludge

incineration represents between 0.04 and 0.05 kton-

nes P/year, or that 8 % of the increasing accumulation

is presented by changing sludge handling alone.

Consideration of TRP and TP fluxes has shown

that they are dominated by urban land use. Given the

export coefficients estimated in Eq. (3), it is possible

to assess the comparative importance of soils and

land uses in the UK (Table 4). Although the area of

grassland is almost three times larger than the UK’s

urban area, the far larger export coefficient means

that as a source urban areas represent 60 % of the TP

flux. Defra (2004) estimated that the urban
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contribution to TP loads was 50 % but this was

revised upwards to 70 % by White and Hammond

(2007). Table 3 also shows that Eq. (3) predicts that

34.2 ktonnes P/year are lost in the stream network. As

already noted above, previous studies have either

seen such a loss term as either loss for carbon or

nitrogen to the atmosphere or, in the case of

particulates (e.g., POM), stored within channels or

on floodplains (Worrall et al. 2014). In the case of

storage of particulates, Worrall et al. (2014) predicted

3 % of POM to storage, and therefore in the case of

TP this would give a median loss to storage of 1.1

ktonnes P/year. Unlike carbon and nitrogen, P cannot

be lost to the atmosphere but loss could be ascribed to

fixation into biomass or fixation bound into sediment.

Conclusions

For the first time, a P balance for Great Britain has

been calculated, by bringing together data on P fluxes

from rivers and direct coastal discharges to the

national coastal boundary, along with new detailed

information on export and import of P within a wide

range of trade commodities, including fertiliser,

animal feed, food and drink and industrial products.

Time series of fluvial P fluxes to the national coastal

boundary of the UK were calculated for 38 years

(1974–2012). The results showed that: (1) the total

national flux of TP peaked in 1976 at 120 ktonnes

P/year (0.49 tonnes P/km2) and declined to a

minimum of 15.8 ktonnes P/year (0.06 tonnes

P/km2) by 2011, while TRP fluxes peaked in 2000

at 70.9 ktonnes P/year (0.29 tonnes P/km2) and

declined to 9.3 ktonnes P/year (0.05 tonnes P/km2) by

2011; and (2) at the national scale, fluvial TP fluxes

are dominated by P inputs from urban areas, even

after the introduction of the EU Waste Water

Treatment Directive, which enhanced P stripping

from effluent. By comparing all P imports to Great

Britain with exports, including P loss via fluvial

fluxes and waste disposal direct to the coastal zone, a

national P budget was estimated. The national P

budget shows an accumulation of P within Great

Britain, which has continued over the last 15 years,

by an average rate of accumulation of 0.6 ktonnes

P/year2 across the whole of the UK, equivalent to

(24 kg P/km2/year2). This accumulation corresponds

with upgrades to sewage treatment, which have

diverted effluent discharges of P to sewage sludge,

which has changed the disposal of effluent P from an

aquatic to a terrestrial environmental pathway. The P

budget approach used here does not elucidate any

internal re-distribution or flows of P. However,

~77 % of sewage sludge in England and Wales is

now applied to agricultural land, so storage in

agricultural soils likely represents an important P

sink, while this study must also emphasize a role for

accumulation in landfill from food waste. Further

research is now needed to explore the spatial

distribution, accumulation, residence times and flows

of P within, and between, environmental pools,

including soils, landfill, groundwater and surface

waters, to better understand the long-term environ-

mental and agronomic implications of the changing P

balance within Great Britain.

Acknowledgments The authors are grateful to Abby Lane

and Sarah Wheater of the Environment Agency of England and

Wales for supplying the HMS data.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (

http://creativecommons.org/licenses/by/4.0/), which permits

unrestricted use, distribution, and reproduction in any medium,

provided you give appropriate credit to the original author

(s) and the source, provide a link to the Creative Commons

license, and indicate if changes were made.

References

Bellamy D, Wilkinson P (2001) OSPAR 98/3: an environ-

mental turning point or a flawed decision? Mar Pollut Bull

49:87–90

Bending NAD, McRae SG, Moffat AJ (1999) The use of soil-

forming materials in land reclamation. The Stationery

Office, London

Bennett EM, Carpenter SR, Caraco NF (2001) Human impact

on erodible phosphorus and eutrophication: a global per-

spective. Bioscience 51:227–234

Bouwman AF, Beusen AHW, Billen G (2009) Human alter-

ation of the global nitrogen and phosphorus soil balances

for the period 1970–2050. Global Biogeochemical Cycles.

doi:10.1029/2009GB003576

Bouwman L, Goldewijk KK, Van Der Hoek KW, Beusen

AHW, Van Vuuren DP, Willems J, Rufino MC, Stehfest E

(2013) Exploring global changes in nitrogen and phos-

phorus cycles in agriculture induced by livestock

production over the 1900–2050 period. Proc Natl Acad

Sci 110(52):20882–20887

British Survey of Fertiliser Practice (2013) Fertiliser use on

farm crops for the crop year 2013, London

Biogeochemistry

123

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1029/2009GB003576


Cassidy R, Jordan P (2011) Limitations of instantaneous water

quality in surface water catchments: comparison with

near-continuous phosphorus time-series data. J Hydrol

405:182–193

Comber SL, Gardner M, Georges K, Blackwood D, Gilmour D

(2013) Domestic source of phosphorus to sewage treat-

ment works. Environ Technol 34(9–12):1349–1358

Commission OSPAR (2013) Riverine inputs and direct dis-

charges to convention waters—OSPAR contracting

parties’ RID 2011 data Report. The OSPAR Commission,

Paris

DEFRA (1990) Agriculture in the United Kingdom. Depart-

ment of Environment, Food and Rural Affairs, HMSO,

London

DEFRA (2002) Sewage treatment in the UK: UK implemen-

tation of the EC urband waste water treatment directive.

Department of Environment, Food and Rural Affairs,

HMSO, London

DEFRA (2004) Mapping the problem: risk of diffuse water

pollution from agriculture. Department of Environment,

Food and Rural Affairs, HMSO, London

DEFRA (2005) Agriculture in the United Kingdom—2004.

Department of Environment, Food and Rural Affairs,

HMSO, London

DEFRA (2012) Waste water treatment in the United Kingdom

—Implementation of the European Union Urban Waste

Water Treatment Directive—91/271/EEC. Department of

Environment, Food and Rural Affairs, HMSO, London

Department of the Environment (1972) Analysis of raw,

potable and wastewaters. HMSO, London

Earl TJ, Upton GJG, Nedwell DB (2014) UK catchment nutrient

loads 1993–2003, a new approach using harmonised mon-

itoring scheme data: temporal changes, geographical

distribution, limiting nutrients and loads to coastal waters.

Environ Sci Process Impacts 16:1646–1658

Elser JJ, Bennett E (2011) A broken biogeochemical cycle.

Nature 478:29–31

Elser JJ, Elser TJ, Carpenter SR, Brock WA (2014) Regime

shift in fertilizer commodities indicates more turbulence

ahead for food security. PLoS One 9:e93998. doi:

10.1371/journal.pone.0093998

European Commission (1991). Urban waste water directive.

Council Directive 91/271/EEC of 21st May, 1991

Foy RH, Batley JS, Lennox SD (2002) Mineral balances for the

use of phosphorus and other nutrients by agriculture in

Northern Ireland from 1925–2000—methodologies,

trends and impacts of losses to water. Ir J Agric Food Res

41:247–263

Goodman LA (1960) On the exact variance of products. J Am

Stat Soc 55:708–713

Haygarth PM, Chapman PJ, Jarvis SC, Smith RV (1998)

Phosphorus budgets for two contrasting grassland farming

systems in the UK. Soil Use Manag 14:160–167

Haygarth PM, Jarvie HP, Powers SM, Sharpley AN, Elser JJ,

Shen J, Peterson HM, Chan N-I, Howden NJK, Burt TP,

Worrall F, Zhang F, Liu X (2014) Sustainable phosphorus

management and the need for a long-term perspective: the

legacy hypothesis. Environ Sci Technol 48:8417–8419

Hodgson JM (1997) Soil survey field handbook: describing and

sampling soil profiles. soil survey technical monograph,

vol 5. Soil Survey and Land Research Centre, Silsoe

Holman IP, Whelan MJ, Howden NJK, Bellamy PH, Willby

NJ, Rivas-Casado M, McConvey P (2008) Phosphorus in

groundwater—an overlooked contributor to eutrophica-

tion? Hydrol Process 22(26):5121–5127

Jarvie HP, Withers PJA, Neal C (2002) Review of robust

measurement of phosphorus in river water: sampling,

storage, fractionation and sensitivity. Hydrol Earth Syst

Sci 6:113–132

Jarvie HP, Sharpley AN, Spears B, Buda AR, May L, Klein-

man PJA (2013a) Water quality remediation faces

unprecedented challenges from ‘Legacy Phosphorus’.

Environ Sci Technol 47(16):8997–8998

Jarvie HP, Sharpley AN, Withers PJA, Scott JT, Haggard BE,

Neal C (2013b) Phosphorus mitigation to control river

eutrophication: murky waters, inconvenient truths and

‘Post-Normal’ science. J Environ Qual 42:295–304

Jarvie HP, Sharpley AN, Brahana V, Simmons T, Price A, Neal

C, Lawlor AJ, Sleep D, Thacker S, Haggard BE (2014)

Phosphorus retention and remobilization along hydrolog-

ical pathways in karst terrain. Environ Sci Technol

48:4860–4868

Jarvie HP, Sharpley AN, Flaten D, Kleinman PJA, Jenkins A,

Simmons T (2015) The pivotal role of phosphorus in a

resilient water-energy-food security nexus. J Environ Qual

44:1049–1062

Johnes P, Moss B, Phillips G (1996) The determination of total

nitrogen and total phosphorus concentrations in freshwa-

ters from land use, stock headage and population data:

testing of a model for use in conservation and water

quality management. Freshw Biol 36:451–473

Kroeze C, Aerts R, van Breemen N, van Dam D, van der Hoek

K, Hofschreuder P, Hoosbeek M, de Klein J, Kros H, van

Oene H, Oenema O, Tietema A, van der Veeren R, de

Vries W (2003) Uncertainities in the fate of nitrogen I: an

overview of sources of uncertainty illustrated with a

Dutch case study. Nutr Cycl Agroecosyst 66:43–69

Kronvang B, Vaustad N, Behrendt H, Bøgestrand J, Larsen SF

(2007) Phosphorus losses at the catchment scale within

Europe: an overview. Soil Use Manag 23(S1):104–118

Littlewood IG, Marsh TJ (2005) Annual freshwater river mass

loads from Great Britain, 1975–1994: estimation algo-

rithm, database and monitoring network issues. J Hydrol

304:221–237

Lord EI, Anthony SG, Gondlass G (2002) Agricultural nitrogen

balance and water quality in the UK. Soil Use Manag

18:363–369

MacDonald GK, Bennett EM, Potter PA, Ramankutty N (2008)

Agronomic phosphorus imbalances across the world’s

croplands. Proc Natl Acad Sci 108(7):3086–3091

Mackenzie FT, Ver LM, Sabine C, Lane M (1993) C, N, P, S

global biogeochemical cycles and modelling of global

change. In: Wollast R, Mackenzie FT, Chou L (eds)

Interactions of C, N, P, S biogeochemical cycles and

global changes. Springer, NEwYork, pp 3–69

McCance RA, Widdowson EM (2002) The composition of

foods, vol 5. HMSO, London

McGuckin SO, Jordan C, Smith RV (1999) Deriving phos-

phorus export coefficients for CORINE land cover types.

Water Sci Technol 39:47–53

Meybeck M (1982) Carbon, nitrogen and phosphorus transport

by world rivers. Am J Sci 282:401–450

Biogeochemistry

123

http://dx.doi.org/10.1371/journal.pone.0093998


Moree AL, Beusen AHW, Bouwman AF, Willems WJ (2013)

Exploring global nitrogen and phosphorus flows in urban

wastes during the twentieth century. Global Biogeochem

Cycles 27(3):836–846

Morris DG, Flavin RW (1994) Sub-set of UK 50 m by 50 m

hydrological digital terrain model grids. NERC, Institute

of Hydrology, Wallingford

Neal C (2001) The potential for phosphorus pollution reme-

diation by calcite precipitation in UK freshwaters. Hydrol

Earth Syst Sci 5(1):119–131

Neal C, Skeffington R, Neal M, Wyatt R, Wickham H, Hill L,

Hewitt N (2004) Rainfall and runoff water quality of the

Pang and Lambourn, tributaries of the River Thames,

south-eastern England. Hydrol Earth Syst Sci 8:601–613

Powers SM, Bruulsema TW, Burt TP, Chan N-I, Elser JJ,

Haygarth PM, Howden NJK, Jarvie HP, Lyu Y, Peterson

HM, Sharpley AN, Shen J, Worrall F, Zhang F (2016)

Long-term accumulation and transport of anthropogenic

phosphorus in three river basins. Nat Geosci 9(5):353–356

Ruane EM, Treacy M, McNamara K, Humphreys J (2014)

Farm-gate phosphorus balances and soil phosphorus

concentrations on intensive dairy farms in the south-west

of Ireland. Ir J Agric Food Res 53:105–119

Sattari SZ, Bouwman AF, Martinez-Rodriguez R, Beusen

AHW, van Ittersum MK (2016) Negative global phos-

phorus budgets challenge sustainable intensification of

grasslands. Nat Commun. doi:10.1038/ncomms10696

Seitzinger SP, Harrison JA, Dumont E, Beusen AHW, Bouw-

man AF (2005) Suorces and delivery of carbon, nitrogen,

and phosphorus to the coastal zone: an overview of Global

Nitrogen Export from Watersheds (NEWS) models and

their application. Glob Biogeochem Cycl. doi:

10.1029/2005GB002606

Sharpley AN, Smith SL (1989) Prediction of soluble phos-

phorus transport in agricultural runoff. J Environ Qual

18:313–316

Sharpley A, Jarvie HP, Buda A, May L, Spears B, Kleinman P

(2013) Phosphorus legacy: overcoming the effects of past

management practices to mitigate future water quality

impairment. J Environ Qual 42:1308–1326

Simpson EA (1980) The harmonization of the monitoring of

the quality of rivers in the United Kingdom. Hydrol Sci

Bull 25(1):13–23

Smith KA, Brewer AJ, Crabb J, Dauven A (2001) A survey of

production and use of animal manures in England and

Wales. III cattle manures. Soil Use Manag 17:77–87

Smith RV, Jordan C, Annett JA (2005) A phosphorus budget

for Northern Ireland: inputs to inland and coastal waters.

J Hydrol 304:193–202

Sutton MA, Howard CM, Willem-Erisman I, Billen G, Blecker

A, Grennfelt P, Van Grimsven H, Grizzetti B (2011)

European nitrogen assessment. Cambridge University

Press, Cambridge

Van Vuuren DP, Bouwman AF, Beusen AHW (2010) Phos-

phorus demand for the 1970–2100 period: a scenario

analysis of resource depletion. Glob Environ Chang

Human Policy Dimens 20(3):428–439

Villalba G, Liu Y, Schroder H, Ayres RU (2008) Global

phosphorus flows in the industrial economy from a pro-

duction perspective. J Ind Ecol 12(4):557–569

White PJ, Hammond JP (2007) The sources of phosphorus in

the waters of Great Britain. J Environ Qual 38(1):13–26

Withers PJA, van Dijk KC, Neset TSS, Nesme T, Oenema O,

Rubaek GH, Schoumans OF, Smit B, Pellerin S (2015)

Stewardship to tackle global phosphorus inefficiency: the

case of Europe. Ambio 44:S193–S206

Worrall F, Burt TP, Howden NJK, Whelan MJ (2009) The Flux

of Nitrate from Great Britain 1974–2005 in the context of

the terrestrial nitrogen budget of Great Britain. Glob

Biogeochem Cycl. doi:10.1029/2008GB003351

Worrall F, Davies H, Bhogal A, Lilly A, Evans MG, Turner K,

Burt TP, Barraclough D, Smith P, Merrington G (2012a)

The flux of DOC from the UK—predicting the role of

soils, land use and in-stream losses. J Hydrol 448–

449:149–160

Worrall F, Davies H, Burt TP, Howden NJK, Whelan MJ,

Bhogal A, Lilly A (2012b) The flux of dissolved nitrogen

from the UK—predicting the role of soils and land use.

Sci Total Environ 434:90–100

Worrall F, Burt TP, Howden NJK (2013a) Assessment of

sample frequency bias and precision in fluvial flux cal-

culations—an improved low bias estimation method.

J Hydrol 503:101–110

Worrall F, Burt TP, Howden NJK (2013b) The flux of sus-

pended sediment from the UK 1974 to 2010. J Hydrol

504:29–30

Worrall F, Burt TP, Howden NJK (2014) The fluvial flux of

particulate organic matter from the UK: quantifying in-

stream losses and carbon sinks. J Hydrol 519:611–625

Biogeochemistry

123

http://dx.doi.org/10.1038/ncomms10696
http://dx.doi.org/10.1029/2005GB002606
http://dx.doi.org/10.1029/2008GB003351

	The fluvial flux of total reactive and total phosphorus from the UK in the context of a national phosphorus budget: comparing UK river fluxes with phosphorus trade imports and exports
	Ab�stract
	Introduction
	Methodology
	Annual river loads
	Catchment characteristics
	National-scale estimates of P imports and exports

	Results
	TRP concentrations
	TP concentrations
	TP versus TRP
	Annual fluvial fluxes of TRP
	Annual fluvial fluxes of TP
	Comparing national river P fluxes with trade inputs and outputs

	Discussion
	Conclusions
	Acknowledgments
	References




