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Phosphorous (P) is an element for plant growth and its input has long been
recognized as necessary to maintain profitable crop production. Phosphorous
inputs can also increase the biological productivity of surface waters. Although
nitrogen (N) and carbon (C) are essential to the growth of aquatic biota, most
attention has focused on P inputs, because of the difficulty in controlling the
exchange of N and C between the atmosphere and water and fixation of
atmospheric N by some blue-green algae. Thus, P is often the limiting element
and its control is of prime importance in reducing the accelerated eutrophication
of fresh waters (Sharpley AN et al 1997). Since the late 1960s, point sources of
water pollution have been reduced, due to their relative ease of identification and
control. Even so, water-quality problems remain, and, as further point-source
control becomes less cost-effective, attention is now being directed towards the
contribution of agricultural P non-point sources to P in surface waters. Thus, a
greater understanding of where P is coming from, how much P in soil and water is
too much and how and where we can reduce these inputs and losses must be
gained through research and extension programmes, in order to develop
agricultural resource systems that sustain production and environmental quality, as
well as farming communities. Phosphorus may be lost from agricultural land to
water by several processes. These include erosion, surface runoff and subsurface
flow (leaching) (Brookes PC et al. 1997). As most soils have a high absorption
capacity for P, usually far exceeding the quantities of P added as manures or
fertilizers (van Riemsdijk et al. 1987), it has long been considered that leaching
losses of P from soil to water are negligible in most cases (Cooke 1976; Ryden et
al. 1973; Lu Jialong et al. 1999).

Here I present data from drainage water of the Broadbalk Continuous Wheat
Experiment at Rothamsted in UK (Johnston 1969), which question these findings.
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MATERIALS AND METHODS

A detailed description of the Broadbalk experiment is given by Avery and Bullock
(1969). The silt loam and silty clay loam of the Batcombe series (Chromic Luvisol)
together make up >90% of topsoil, which overlies clay-with-flints at < 60 cm, in
turn resting on chalk. The experiment consists of 20 plots, 18 of which run the full
length of the field and are 0.24 ha each. They receive different fertilizer treatments
without replication. The experiment is divided, at right angles to the plots, into 10
sections, which test different agronomic treatments. Five are in continuous wheat,
and five are in a rotation of fallow, potato and three successive wheat crops. Tile
drains were installed along the middle of each plot in 1849 (1884 on the FYM+N2
strip) at a depth of about 65 cm, which opened into a ditch at one end of the
experiment. In 1993 the old drains were replaced by perforated plastic tube drains
on one section of continuous wheat nearest the ditch (section 9). Unlike the old
drains, where the overlying clay had settled to the same bulk density as the soil
mass, the new drains had a permeable gravel backfill up to 30 cm soil depth. The
old drains were intercepted by a cross drain to avoid water from the rest of the
experiment interfering with the new drains. Fertilizer treatments are listed in table
1. Chalk is applied every 5 year to maintain the pH at around 7.5 (Table 1). Water
flowing from drains, 65 cm under soil surface, between winter 2000 and early
summer 2001 was collected and analyzed for total and dissolved P. My aim was to
see if significant quantities of P were lost through drainage and what are the
percents of different phosphorus forms.

Table 1. Details of the treatment and the soil from the Broadbalk experiment.

Plot no. Treatment Annotation
2.2 FYM
3 NIL FYM: 35 t ha”' farmyard manure
5 P K Mg NO-N5: supplying 0, 48, 96, 144, 192
6 N1PK Mg and 240 kg N ha' both autumn and
7 N2 P K Mg spring application. Supplying N to
8 N3 PK Mg plots 17 and 18 in spring (April), to
9 N4 P K Mg other plots in autumn (before
10 N2 ploughing)
11 N2 P P: supplying 35 kg P ha’’
12 N2 P Na K: supplying 90 kg K ha™
13 N2PK Na: supplying 35 kg Na ha™ |
14 N2 P K Mg ll\ig-;suiply;\zg 20 kg Mg ha'" to plot
15 N5 P K Mg , g Mg ha” every 3" year to
17 N1+N3, 1/2 [P K Mg] other plots since 1974
18 NO+N3, 1/2 [P K Mg]
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Table 2. Average concentrations of phosphorus and particulate matter in drainage
water.

Plot TP TDP MRP DOP PP PM
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (g/L)
2.2 1.202 0.796+£0.10 0.696x0.08 0.100+0.01 0.502 0.223

3 0.099+0.02 0.040+0.01 0.014+0.01 0.026+0.01 0.064+0.02 0.025+0.01
5 0.677+0.15 0.349+0.15 0.305+£0.06 0.044+0.01 0.330+0.11 0.106+0.04
6 1.470£0.42 0.615+0.40 0.550+0.09 0.065+0.04 0.854+0.35 0.268+0.11
7 2.355+0.61 0.621+0.59 0.548+0.06 0.074+0.03 1.732+0.56 0.601+0.21
8 1.713x0.48 0.452+0.47 0.398+0.06 0.053£0.02 1.268+0.43 0.465+0.16
9  0.985+0.27 0.287+0.29 0.245+0.07 0.042+0.02 0.700+0.25 0.278+0.11
10 0.454+0.24 0.082+0.24 0.029+0.01 0.053+0.02 0.374+0.23 0.177+0.10
11 1.294+0.36 0.559+0.34 0.509+0.09 0.050+0.02 0.733+0.32 0.301+0.14
12 1.993 0.894 0.884 0.010 1.100 0.316

13 1.538+0.41 0.602+0.46 0.563+0.16 0.040+0.02 1.007+0.32 0.282+0.10
14 1.681+0.47 0.673+0.51 0.626+0.22 0.047+0.02 1.024+0.32 0.281+0.10
15 0.831+0.26 0.272+0.25 0.235+0.07 0.038+0.02 0.569+0.20 0.176+0.07
17 0.648+0.25 0.204+0.24 0.157+0.04 0.047+0.01 0.449+0.26 0.188+0.11
18 0.997+0.24 0.127+0.24 0.079+0.01 0.048+0.003 0.870+0.24 0.294+0.08

Drainage water samples were collected in Winchester bottles at the drain outlets
on five occasions between December 2000 and April 2001. In each case, water
was collected after the drains had been running freely for a few hours. The entire
time of collection usually took about 1 hr. Drainage water was filtered through
0.45-p m Millipore membrane filters (mixed cellulose ester) with subsequent
measurement of molybdate reactive phosphorus (MRP), i. e., mainly inorganic P,
(Murphy and Riley, 1962) on the same day. The particulate matters under 0.45- u
m Millipore membrane filters were collected and dried in oven at 105-110 C,
then, weighted them on balance. The contents of particulate matter in drainage
water were calculated. For further analysis, samples were stored in Winchester
bottles at 5 ‘C in the dark.

Total P in drainage water (TP), i. e., before filtration, and total dissolved P (TDP),
1. e., after filtration, were determined after a modified perchloric acid digestion.
An aliquot containing between 5 and 201 g P was digested with 3 ml of
perchloric acid (60%) and 0:5 m! saturated MgCl, nearly to dryness, redissolved
in 0.6 M HCI, neutralized with 5 M NaOH (Brookes and Powison, 1981) and
analyzed for P by the method of Murphy and Riley (1962). Total particulate P (PP)
was calculated from the difference between TP and TDP and dissolved organic P
(DOP) from the difference between TDP and MRP. All measurements are the
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Table 3. Average proportions MRP, DOP, TDP and PP in TDP or TP of drainage
waters from Broadbalk.

TDP PP MRP DOP MRP DOP

Plot Percentage of TP Percentage of TDP
2.2 58.24 41.76 48.50 9.73 86.99 13.01
3 45.04 59.53 13.22 31.82 52.34 47.66
5 58.89 41.42 47.92 10.96 83.79 16.21
6 51.42 48.42 48.05 3.37 90.91 9.09
7 32.74 67.15 29.42 3.32 88.60 11.40
8 34.49 65.66 31.40 3.09 89.11 10.89
9 39.63 60.56 32.86 6.77 80.28 19.72
10 41.09 60.70 11.31 29.79 49.62 50.38
11 56.98 42.89 52.07 491 90.65 9.35
12 44.86 55.19 44 36 0.50 98.88 1.12
13 48.91 53.91 43.28 5.63 89.22 10.78
14 48.74 51.77 43.37 5.37 85.20 14.80
15 46.05 57.29 38.93 7.12 82.42 17.58
17 57.94 44.67 42.67 15.28 72.50 27.50
18 18.87 81.13 12.34 6.54 61.56 38.44

means of three replicate determinations.
RESULTS AND DISCUSSION

Arithmetic means of total P (TP), molybdate reactive P (MRP), total dissolved P
(TDP), dissolved organic P (DOP), total particulate P (PP) and particulate matter
(PM) and the mean proportions of MRP, DOP, TDP and PP in TDP or TP of
drainage waters from Broadbalk plots of S drainage events monitored between
December 2000 and April 2001 were tabulated in table 2 and table 3 respectively.

There was substantial variation both in total P concentration and the relative
contribution of the P fractions between the five events and between the different
plots. The Broadbalk experiment does not have facilities for monitoring of the
drainflows. Therefore results given have mainly represent snapshots. The Table 2
and Figure 2 had showed, On Broadbalk, the lowest total P concentration, 0.099
mg L, for each event was generally measured on the plot which had never
received fertilizer (the Nil plot) and ranged from 0.07 to 0.152 mg L. The
exception was the 6 April event in 2001 when lowest total P concentration in
drainage water was measured on Plot 10. Despite receiving no P fertilizer inputs,
drainage waters from Plot 10 (N2) had frequently higher total P concentrations,
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Figure 1. Phosphorus concentrations in drainage waters

reaching 0.454 mg L. This was mainly attributable to larger concentration. Thus,
drainage water MRP from Plot 10 only varied between 0 to 0.043 mg L', with an
average concentration, 0.454 mg L™, slightly lower than Plot 17 (0.468 mg L.
The lowest MRP concentrations were always measured on the NIL plot. The
highest TP concentration in drainage water of 4.834 mg L was measured on the
N2PKMg plot. Dominated by PP, frequently, TP concentrations ranged 0.354 to
4.076 mg L', especially on Plots 6,7,8,12,13 & 14 (Table 2 and Figure 1).
Similarily, the highest MRP concentrations were usually found on plots 2.2
(exception), 7, 12, 13, & 14, ranging from 0.548 to 0.884 mg L' (Table 2 and
Figure 1).

Dissolved organic P (DOP) concentration, as determined by the difference
between total and molybdate reactive P in the 0.45 1 m filtrate of drainage waters,
was ranged from 0.01 to 0.1 mg DOP L. Most of them were low-remaining
frequently below 0.05 mg L™ (Table 2). This is line with findings from other
drainage experiment on similar soil types receiving inorganic P fertilizer (e.g.
Culley 1983, Grant 1996, Ulén 1995) although they usuvally measured lower TP in
general. A high mobility of DOP in soils is associated with large organic matter
inputs (Table 2). Although DOP in drainage waters from the FYM plot tended to
be higher than from plots receiving inorganic fertilizer (Table 2), the magnitude of
DOP concentrations did not imply a significant contribution to leaching losses.
The Broadbalk results are contrasted by findings on P fractions in the soil solution
from an iron humus podzol. Ron Vaz (1993) found dissolved organic P to be
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Figure 2. Mean proportions of MRP, DOP and PP in drains

the most significant fraction in soil solution below 10 c¢m soil depth on plots
which had received up to 80 kg P ha'yr" as superphosphate.

Table 2 and Table 3 illustrated the importance of P associated with Particulate
matter (PP) in drainage waters and its treatment variation with the proportion of
PP varying from 41.4% to 81.1% of the TP on plots. Particulate matter (PM)
concentrations in drainage waters reached about 0.6 g L 'which is comparatively
high for subsurface drainage systems (Pilgrim and Huff 1983, Skaggs 1994). The
variability of PP concentrations in drainage waters was matched by the broad
distribution of particulate matter concentration (PM) from different plots and
drainage events. Accordingly, highly significant linear relationships (P<0.001)
were observed between PP and PM in drainage waters. Linear relationships
between PP and PM in drainage waters were also reported from four agricultural
drainage catchments on sandy loam in Denmark (Grant 1996). The proportion of
DOP, 1-50%, was lower than that of MRP, 50-99%, in TDP, including FYM plot.

The proportions MRP, DOP and PP in total P (TP) and MRP and DOP in TDP
were show on Table 3 and Figure 2. Particulate P comprised by far the highest P
concentrations in drainage waters on individual plots reaching occasionally 81%
of the TP. The average proportions of PP, 54%, was higher than that of MRP, 36%,
in drainage waters—opposite result was obtained by Heckrath GJ and Brookes PC
(1998). Their conclusion was the average proportions of PP and MRP of the TP in
drainage waters across all plots and drainage events were relatively similar. With
55 and 40% for MRP and PP, respectively, the dissolved P fraction was on the
whole more important. The findings from Broadbalk are broadly in accordance
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with those of Culley (1983) who found on average 62% to 68% molybdate
reactive P, 17% to 25% particulate P and 11% to 17% soluble organic P in tile
drainage of a moderately fertilized clay soil in arable cropping. Phosphorus
concentrations tended to be larger in the drainage water after the installation of the
new drains in September 1993 (Heckrath G et al. 1995). The inevitable
disturbance of soil during the installation might have caused enhanced P losses
and so these must be considered with caution, especially as particulate P was
generally greater than in earlier samplings. This would be consistent with the
movement of topsoil into drains following disturbance. Due to the gravel backfill
used, it is also possible that some water passing through a smaller cross section of
soil reached the new drains more quickly, thus decreasing the potential for P
retention by the soil.

Acknowledgment. 1 thank professor P C Brookes (IACR-Rothamsted, UK) for
helpful direction and Dr. S Fortune (IACR-Rothamsted, UK) for helpful
discussions. This work has been funded by IACR-Rothamsted International, UK.
The financial contribution of IACR-RI is gratefully acknowledgment.

REFERENCES

Addiscott TM, Brockie D, Catt JA Christian DG, Harris GL, Howse KR, Mirza
NA and Pepper TJ (2000) Phosphate losses through field drains in a heavy
cultivated soil. J Environ Qual 29: 522-532

Avery BW and Bullock P (1969) Morphology and classification of Broadbalk
soils. P. 63-81. In Rothamsted Report for 1968. Part 2. The soils of Broadbalk.
Rothamsted Exp. Stn., Harpenden, UK

Brookes PC and Powlson DS (1981) Preventing phosphorus losses during
perchloric acid digestion of sodium bicarbonate soil extracts. J Sci Food Agric
32:671-674

Brookes PC, Heckrath G, De Smet J, Hofman G and Vanderdeelen J (1997)
Losses of phosphorus in drainage water. In: Tunney H, Carton OT, Brookes
PC and Johnston AE (eds.) Phosphorus Loss from Soil to Water. CAB
International, UK, p253-271.

Bridgham SD, Johnston CA, Schubauer JP and Weishampel P (2001) Phosphorus
sorption dynamics and coupling with surface and pore water in riverine
wetlands. Soil Sci Soc America J 65: 577-588

Cooke GW (1976) A review of the effects of agricuiture on the chemical
composition and quality of surface and underground waters. In Agriculture
and Water Quality. MAFF Tech Bull 32 HMSO, London, UK, p5-57.

Culley JLB, Bolton EF and Bernyk V (1983) Suspended soils and phosphorus
loads from a clay soil: I. Plot studies J Environ Qual 12:493-498

Edwards AC and Withers PJA (1998) Soil phosphorus management and water

958



quality: a UK perspective. Soil Use Manage 14: 124-130

Gburek WJ, Sharpley AN, Heathwaite L and Folmar GJ (2000) Phosphorus
management at the watershed scale: A modification of the phosphorus index. J
Environ Qual 29: 130-14

Gillingham AG and Thorrold BS (2000) A review of New Zealand research
measuring phosphorus in runoff from pasture. J Environ Qual 29: 88-96

Grant R, Laubel A, Kronvang B Anderson HE, Svendson LM and Fuglsang (1996)
Loss of dissolved and particulate phosphorus from arable catchments by
subsurface drainage. Wat Res Res 30: 2633-2642

Haygarth PM and Sharpley AN (2000) Perminology for phosphorus transfer. J
Environ Qual 29: 10-15

Hesketh N and Brookes PC (2000) Development of an Indicator for risk of
phosphorus leaching. J Environ Qual 29: 105-110

Heckrath G, Brookes PC, Poulton PR and Goulding WT (1995) Phosphorus
leaching from soils containing different phosphorus concentrations in the
Broadbalk experiment. J Environ Qual 24: 904-910

Hooda PS, Rendell AR, Edwards AC, Withers PJA, Aitken MN and Truesdale
VW (2000) Relating soil phosphorus indices to potential phosphorus release to
water. ] Environ Qual 29: 1166-1171

Hughes S, Reynolds B, Bell SA and Gardner C (2000) Simple phosphorus
saturation index to estimate risk of dissolved P in runoff from arable soils. Soil
Use Manage 16: 206-210

Jorden C, McGuckin SO and Smith RV (2000) Increased predicted losses of
phosphorus to surface waters from soils with high Olsen-P concentrations.
Soil Use Manage 16: 27-35

Laubel A, Jacobsen OH, Kronvang B, Grant R and Anderson HE (1999)
Subsurface drainage loss of particles and phosphorus from field plot
experiments and a tile-drained catchment. J Environ Qual 28: 576-584

Lu JL, Zhang YP, Zhang JC and Su SP (1999) Studies on phosphorus transport in
soils. Acta Pedologica Sinica 36:82-89

McDowell RW and Sharpley AN. Approximating phosphorus release from soils
to surface runoff and subsurface drainage. J Environ Qual 30: 508-520

Morel C, Tunney H, Plénet D and Pellerin S (2000) Transfer of phosphate ions
between soil and solution: Perspectives in soil testing. J Environ Qual 29:
50-59

Murphy J and Riley JR (1962) A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta 27:31-36

Pautler MC and Sins JT (2000) Relationships between soil test phosphorus,
soluble phosphorus, and phosphorus saturation in Delaware soils. Soil Sci Soc
America J 64:765-773

Pilgrim DH and Huff DD (1983) Suspended sediment in rapid subsurface

959



stormflow on a large field plot. Earth Surf Proc Landforms 8:451-463

Riemsdilk WH van, Lexmond TM, Enfield CG and Zee SEATM van der (1987)
Phosphorus and heavy metals: accumulation and consequences. In: HG van
der Meer, RJ Unwin, TA van Dijk and GC Ennik (eds) Animal Manure on
Grassland and Fodder Crops. Fertilizer or Waste? P.213-227. Martinus Nijhoff,
Publishers, Dordrecht

Ron Vaz ML, Edwards AC, Shand C and Cresser M (1993) Quantification of
phosphorus fractions in soil solution. Sci Tot Environ 135:67-71

Ryden JC, Syers JK and Harris RF (1973) Phosphorus in runoff and streams. Adv
Agron 25:1-45

Schoumans OF and Groenendijk P (2000) Modeling soil phosphorus levels and
phosphorus leaching from agricultural land in the Netherlands. J Environ Qual
29: 111-116

Sharpley AN, Chapra SC, Wedepohl R, Sims JT, Daniel TC and Reddy KR (1994)
Managing agricultural phosphorus for protection of surface waters: issues and
options. J Environ Qual 23: 437-451

Sharpley AN, Foy B and Withers PJA (2000) Practical and innovative measures
for the control of agricultural phosphorus losses to water: an overview J
Environ Qual 29: 1-9 :

Sharpley AN and Moyer B (2000) Phosphorus forms in manure and compost and
their release during simulated rainfall. J Environ Qual 29: 1462-1467

Sharpley AN and Tunney H (2000) Phosphorus research strategies to meet
agricultural and environmental challenges of 21* century. J Environ Qual 29:
176-181

Skaggs RW, Brevé MA and Gilliam JW (1994) Hydrologic and water quality
impacts of agricultural drainage. Crit Rev Environ Sci Technol 24:1-32

Siddique MT, Robinson JS and Alloway BJ (2000) Phosphorus reactions and
leaching potential in soils amended with sewage sludge. J Environ Qual 29:
1931-1938

Sui Y and Thompson ML (2000) Phosphorus sorption, desorption, and buffering
capacity in a biosolids-amended mollisol. Soil Sci Soc America J 64:164-169

Turner BL and Hayarth PM (2000) Phosphorus forms and concentrations in
leachate under four grassland soil types. Soil Sci Soc America J 64:1090-1099

Ulén B (1995) Episdic precipitation and discharge events and their influence on
losses of phosphorus and nitrogen from tiledrained arable fields. Swedish J
Agr Res 25:25-31

Withers PJA, Davidson IA and Foy RH (2000) Prospects for controlling nonpoint
phosphorus loss to water: A UK perspective. J Environ Qual 29: 167-175

Withers PJA, Edwards AC and Foy RH (2001) Phosphorus cycling in UK
agriculture and implications for phosphorus loss from soil. Soil Use Manage
17: 139-149

960



