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I. INTRODUCTION

Phosphorus in the form of phosphate (P) is essential for plant growth,
and its application to agricultural land often improves crop production.
Production per unit area is increased with fertilizer P. The increased plant
cover that is possible with proper use of fertilizer can reduce soil erosion
from the cultivated area. Addition of phosphorus to fish ponds may also in-
crease fish production. Although P is not toxic, the continued application
of P fertilizer can produce detrimental effects in both the terrestrial and
aquatic environments. In any discussion of the impact of soil and fertilizer
P on the environment, the detrimental effects must be considered along
with the benefits.

Although there are no direct detrimental effects of P on the terrestrial en-
vironment, the continued application of fertilizer P to agricultural land can
result in the buildup of natural trace contaminants contained in the fertilizer.
There have been concerns, for example, about the accumulation of the con-
taminants cadmium, uranium, and radium in P-fertilized soils. The transport
of P from the terrestrial to aquatic environment in surface and subsurface
runoff can result in a deterioration in water quality from accelerated
eutrophication. Eutrophication of surface water leads to problems with its use
for fisheries, recreation, industry, or drinking, due to the increase in growth of
undesirable algae and aquatic weeds. In addition to P, nitrogen (N) and car-
bon (C) are also commonly associated with these problems. However, control
of accelerated eutrophication through limiting C and N inputs is restricted,
due to the difficulty in controlling atmospheric exchanges of these elements.
Thus, P is often the limiting element and its control is of prime importance in
reducing the accelerated eutrophication of surface waters. It should be
recognized, however, that even where the most severe eutrophication
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problems arise, there is no fundamental threat to the general environment,
although fish kills can occur due to oxygen depletion in a water body. As
Taylor and Kilmer (1980) pointed out, the problems are due to biological
productivity of the aquatic environment when a lower level is desired for
aesthetic, recreational, or economic reasons.

Only part of the P in the terrestrial and aquatic environment is available
for plant growth. While nearly all of the soluble inorganic P (P,) is readily
available, much of that attached to eroded soil or sediment (particulate P)
may be unavailable. Soluble organic P (P,) may become available through
hydrolysis and phosphatase enzyme mineralization. As exchange between
the soluble and particulate forms of P can occur in both the terrestrial and
aquatic environments, knowledge of these processes is essential in eval-
uating the impact of soil and fertilizer P on the environment.

This chapter discusses the impacts of soil and fertilizer P on the terrestrial
environment, the processes involved in the transport of P from the ter-
restrial to the aquatic environment, and finally, the impact of P on the
aquatic environment.

Il. IMPACT OF PHOSPHORUS ON THE
TERRESTRIAL ENVIRONMENT

A. BENEFICIAL EFFECTS

Fertilizer P use has become an integral and essential part of the food
production system. Its use permits adequate food and fiber production for
domestic consumption and export demands (Viets, 1975). In addition,
fertilizer use permits this production on a reduced acreage, thereby benefiting
the environment in several ways. If production is confined to a smaller
acreage, less herbicides and insecticides are needed. Finally, if the more
erodible land can be kept in grass or forest cover, erosion is minimized. Thus,
a larger proportion of the terrestrial environment will have less disturbance,
and less sedimentation will occur in aquatic environments.

Fertilizer P has been used to establish a vegetative cover on infertile and
badly eroded soils, which reduces the transport of water, soil, and nutrients in
surface runoff. The fact that fertilizers can have a positive effect as a conser-
vation tool to minimize runoff was recognized in New Zealand 30 years ago
(Campbell, 1950). The role of P fertilizers in forest establishment, regenera-
tion, and production on several soils has been demonstrated (Baule, 1973).
Thus, from an economical and environmental standpoint, P fertilizers have
an important beneficial function.
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B. DETRIMENTAL EFFECTS

Potentially toxic chemical elements may be introduced into the food
chain by adding P fertilizer to the soil (Tremearne and Jacobs, 1941;
Bowen, 1966; Lisk, 1972). This results from the fact that several heavy
metals, such as arsenic, cadmium, chromium, lead, and vanadium, occur in
P rock ore and are not eliminated during the manufacture of P fertilizer.

The cadmium (Cd) content of P fertilizers has been studied extensively,
due to its common occurrence in P rock, long-term persistence in the soil,
uptake and accumulation by plants and animals, and toxicity at low levels
(Schroeder and Balassa, 1961; Lagerwerff, 1971; Mortvedt, 1987). The Cd
content of P fertilizer has been shown to vary with the source of the P rock
and concentration of P in the fertilizer (Mortvedt and Giordano, 1977).
Phophorus fertilizers produced from Florida deposits generally have a
lower Cd content (10-20 mg Cd/kg) than those from western U.S. deposits
(50-200 mg Cd/kg). Williams and David (1973) found that Australian P
fertilizers contained from 25 to 50 mg Cd/kg. In addition, they observed
that P and Cd contents of the fertilizer material were highly correlated and
suggested that most of the Cd in P rock was concentrated in phosphoric
acid during the manufacture of high-analysis fertilizers.

Several studies have reported an increase in Cd content of soil in the
cultivated layer following application of high rates of P fertilizer (Table I). At
normally recommended fertilizer P rates, however, little Cd accumulation has
been found in crops following long-term applications (> 50 years) (Mortvedt,
1987). The accumulations of Cd in soil have resulted in increases in the Cd con-
tent of certain plants (Table I). Schroeder et al. (1967), however, found that the
Cd concentration in many plant species did not increase and in several species
decreased as a result of fertilizer P application. Apparently, differences in Cd
uptake occur between plant species. Furthermore, the bioavailability of Cd in-
creases with a reduction in soil pH (CAST, 1976; Williams and David, 1976;
Mortvedt et al., 1981) due to a decrease in Cd sorption on the soil (Andersson
and Nielson, 1974; Garcia-Miragaya and Page, 1978; Jarvis and Jones, 1980).
Consequently, long-term production of Cd-accumulating crops on acid soils
(pH 5.5) may require special P fertilizers with low Cd content.

No detectable increase in arsenic, chromium, lead, or vanadium concen-
tration in soil was found following the application of 8888 kg/ha of concen-
trated superphosphate (Goodroad and Caldwell, 1979). It is unlikely that
there is any danger of contamination following P fertilization as long as the
content of these elements in P fertilizers remains low. Similarly, Mortvedt
and Giordano (1977) concluded that the plant uptake of chromium and lead
in fertilizer was not significant at the rates of P usually used.

In addition to heavy metals, P fertilizers contain radioactive material
from the rock source in amounts between 30 and 200 mg/kg uranium (U)
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and 10 mg/kg thorium (Caro, 1964; Barrows, 1966; Menzel, 1968). Thus,
the addition of radionuclides with high application rates of superphosphate
for a century is similar to amounts occurring naturally in the plow layer.
Marsden (1964) reported that topdressing of pasture with superphosphate
for 16 years at the high annual rate of 2200 kg/ha resulted in only a 5% in-
crease in « activity in the soil. In a recent investigation of U accumulation
from the long-term application of superphosphate (33 kgP/ha/yr) to a clay
loam under pasture at Rothamsted, England, Rothbaum et al. (1979)
observed that most of the U applied since 1889 (1.3 kg/ha) was retained,
like P, in the plow layer. The radiation hazard which might result from the
uptake of radionuclides into food plants from applied fertilizer appears to
be negligible (Menzel, 1968; Mays and Mortvedt, 1986). The production of
phosphoric acid removes almost all radioactive contaminants. Thus, high-
analysis P fertilizers have no radiation hazard.

Due to similar strengths of P and U sorption by soil, Menzel (1968) sug-
gested that losses of U from surface soil could occur by erosion and might
be similar to the losses of added fertilizer P. In addition, U is generally con-
sidered to be mobile in the absence of organic matter (Hostetler and Gar-
rels, 1962; Schultz, 1965) and may, thus, leach from sandy soils containing
little organic matter. In fact, a significant increase in the U content of rivers
draining intensively fertilized and farmed agricultural land in the
southwestern United States was measured by Spalding and Sackett (1972).
The U increase was in some cases attributed to the application of P fer-
tilizer.

The heavy metal and radionuclide contaminants discussed are generally
strongly absorbed by soil, as is P. Consequently, these contaminants may be
preferentially transported with finer soil particles during rainfall and ero-
sion and accumulate in deposited sediment.

Ill. TRANSPORT OF PHOSPHORUS FROM THE
TERRESTRIAL TO AQUATIC ENVIRONMENTS

The transport of P from terrestrial to aquatic environments in runoff can
occur as either soluble or particulate P. The term particulate P includes P
sorbed by soil particles and organic matter eroded during runoff. Soil ero-
sion is a selective process in which runoff sediment becomes enriched in
finer-sized particles and lighter organic matter. Because P is strongly ab-
sorbed on clay particles (Syers et al., 1973a; Barrow, 1978; Parfitt, 1978;
Sibbesen, 1981) and organic matter contains relatively high levels of P, the
major proportion of P transported to the aquatic environment from
cultivated land is usually in the particulate form (Burwell et al., 1977;
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Logan et al., 1979; Nelson et al., 1979; Sharpley and Syers, 1979). In runoff
from grassland or forest soils, which carries little suspended soil, most of
the P may be transported in the soluble form (Burwell ef al., 1975; Singer
and Rust, 1975).

Most soluble P forms found in runoff are biologically available, but the
bioavailability of particulate P from various sources differs greatly (Syers et
al., 1973b; Porter, 1975; Lee et al., 1978; McCallister and Logan, 1978;
Logan et al., 1979). In addition, transformations between the two P forms
can occur during transport (Carter ef al., 1971; Kunishi et al., 1972;
Sharpley et al., 1981c). Consequently, knowledge of the mechanisms in-
volved in the extraction and detachment of soluble and particulate P during
runoff, in addition to knowledge of the nature of the particulate matter in
runoff and the various sources and amounts of P, is important in evaluating
the impact of soil and fertilizer P on the aquatic environment.

A. AMOUNTS TRANSPORTED FROM TERRESTRIAL ENVIRONMENTS

Increases in the amounts of soluble and particulate P transported in sur-
face runoff have been measured after the application of fertilizer P (Table
II). These increases result from an increase in the available P content of sur-
face soil (Barrow and Shaw, 1975; Elrashidi and Larsen, 1978; Fukely,
1978; Barber, 1979) and total P content of eroded soil material, respective-
ly, compared to unfertilized soil. The losses of fertilizer P are influenced by
the rate, time, and method of fertilizer application; form of fertilizer;
amount and time of rainfall after application; and vegetative cover. Detail-
ed reviews of the effect of fertilizer P on the amounts of P transported from
agricultural land have been presented previously (Ryden ez al., 1973; Viets,
1975; Timmons and Holt, 1980). Though it is difficult to distinguish be-
tween losses of fertilizer P and native soil P, the losses of fertilizer P are
generally less than 1% of that applied. The losses of P in subsurface
drainage are small, with applications of fertilizer at recommended rates nor-
mally having no significant effect on P losses.

Phosphorus losses in surface runoff may be reduced by incorporating fer-
tilizer material into the surface soil away from the zone of extraction and
detachment and by using conservation or minimum tillage methods to
reduce soil erosion. The two main consequences of conservation tillage are
the increase in amount of residues on the surface and the reduction in
mechanical manipulation and mixing of the soil. Although this may result
in decreased runoff volumes (Burwell and Kramer et al., 1983; Langdale et
al., 1983; McDowell and McGregor, 1984; Moldenhauer ef al., 1983; Wendt
and Burwell, 1985), P can build up in the surface 0-3 cm of soil (McDowell
and McGregor, 1984; Randall, 1980; Wells, 1985). Consequently, the in-
teraction between runoff water and surface soil and subsequent transport of
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soluble and particulate P in runoff is affected. The loss of total P in runoff
from conservation tillage practices is lower than from conventional prac-
tices, due to reduced erosion rates and runoff volumes with the former (An-
draski et al., 1985; Langdale ef al., 1985; McDowell and McGregor, 1984).
In contrast, slight increases in soluble P loss from no-till land with unincor-
porated residues compared to incorporated residues have been reported
(Romkens et al., 1973; Barsisas et al., 1978; Reddy et al., 1978; Langdale et
al., 1985). For example, McDowell and McGregor (1984) found that conserva-
tion tillage (no-till) reduced total P losses nine-fold compared to conventional
practices for corn (for silage) in Mississippi. However, an eight-fold increase in
soluble P loss was measured for the no-till compared to conventional tillage.

Conservation tillage practices have been shown to increase the proportion
of clay-sized particles transported in runoff and, thus, increase the P:sedi-
ment ratio (Logan and Adams, 1981). In a recent study, Andraski et al.
(1985) reported a 63% reduction in algal available P (resin extractable) loss
in runoff from no-till compared to conventionally tilled corn. This
highlights the need to consider the algal availability (or bioavailability) of
particulate P transported in runoff when evaluating management decisions
aimed at reducing the impact of P on the trophic status of a waterbody. In
an attempt to improve the trophic status of Lake Erie, The U.S. Army
Corps of Engineers (1982) showed that nonpoint-source particulate P load
needed to be reduced by about 26% to reduce eutrophication significantly.
From field experimentation and calculation, Forster et al. (1985) concluded
that accelerated implementation of conservation tillage, including no-till,
on soils suited to those practices on the United States side of Lake Erie basin
can achieve the required particulate P load reduction in 20 years.

Even though the amounts of P transported in runoff may be small com-
pared with amounts applied, it is evident that P concentrations of both sur-
face and subsurface runoff are greater than the critical values (0.01 and 0.02
mg/liter for soluble and total P, respectively) suggested by Sawyer (1947)
and Vollenweider (1968), above which biological growth can be stimulated.
This is also true for several unfertilized watersheds (Table II). In addition, P
levels in rainfall may exceed the critical values (Schindler and Nighswander,
1970; Murphy and Doskey, 1975; Sharpley et al., 1985b; Tabatabai ef al.,
1981) and can result in natural eutrophication (Schindler, 1977; Lee, 1973).
Consequently, the critical P level approach should not be used as the sole
criterion in quantifying permissible tolerance levels of P in surface runoff as
a result of differing management practices (Sharpley et al., 1985a).

B. PHOSPHORUS DESORPTION

The first step in the transport of soluble P is the desorption and dissolu-
tion of P from soil. The desorption of P from soil material in relation to
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plant availability and water quality has been studied using various extrac-
tion mediums and solution:soil ratios (Table III). Few studies have used
filtered runoff (Wang, 1974) or lake water (Bahnick, 1977) as the support
medium, due to the technical problems involved in preparing large volumes
of filtrate of constant chemical composition. Bahnick (1977) reported an in-
crease in P desorption from clay deposits from Lake Superior to deionized
water compared to filtered Lake Superior water, which was attributed to a
lower pH of the deionized water. As the amount of P desorbed depends
upon the ionic strength and cationic species in extracting medium (Ryden
and Syers, 1977b) and solution:soil ratio used (Hope and Syers, 1976; Bar-
row and Shaw, 1979; Sharpley ef al., 1981b), a need for the standardization
of methodologies used to relate P desorbed to the potential availability of P
to plants and transport in runoff is indicated. These conditions should be
related to the soil solution composition, simulating field conditions as close-
ly as possible (Wendt and Alberts, 1984). Experimental conditions should

Table III

Methods Used to Determine Desorbable P

Solution: soil

Extractant ratio References
0.1 M NaCl 100 : 1 Li et al. (1972)
50:1 Ryden et al. (1972)
50:1 Romkens and Nelson (1974)
0.01 M CacCl, 10:1 White and Beckett (1964)
10:1 Taylor and Kunishi (1971)
10:1 Gardner and Jones (1973)
LA | Elrashidi and Larsen (1978)
2541 Green et al. (1978)
6:1-300:1 Barrow (1979)
501 Oloya and Logan (1980)

Anion exchange

resin (Dowex 1-X4) 30:1 Ballaux and Peaslee (1975)
(Dowex I-XB) 100 : 1 Evans and Jurinak (1976)
(Dowex I-X4) 2553 Vig et al. (1979)

(Dowex 21K) 50:1 Bache and Ireland (1980)
Distilled water 10 : 1-1000 : 1 Sharpley ez al. (1981b)
2000 : 1-4000 : 1 Bahnick (1977)
P + distilled water 1:1 Baker (1964)
2P + 0.1 M NaCl 100 : 1 Li et al. (1972)
2P + 0.1 M NaCl 40 : 1 Ryden and Syers (1977a)
2P + stream water 100 : 1-10000 : 1 Schreiber et al. (1977)

Filtered lake water
(Lake Superior) 2000 : 1-4000 : 1 Bahnick (1977)
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be governed by soil type and processes simulated, be it release to soil solu-
tion (narrow solution:soil ratio) or runoff (wide solution:soil ratio).

The desorption of soil P is rapid (Kunishi ez a/., 1972; Ryden and Syers,
1977b; Oloya and Logan, 1980). Evans and Jurinak (1976) reported that
50% of P desorbed from a desert soil in 50 hr occurred in the first hour of
reaction, and Sharpley ef al. (1981b) found that approximately 75% of the
P desorbed in 4 hr from several soils occurred in the initial 30 min. Conse-
quently, P can be desorbed from surface soil by short rainfall and runoff
events. In fact, a highly significant linear relationship between the amount
of desorbable P in the surface soil and the soluble P concentration of sur-
face runoff has been found (Hanway and Laflen, 1974; Romkens and
Nelson, 1974; Sharpley et al., 1978, and 1981a). In the case of soils contain-
ing low amounts of readily desorbed P (10-90 mg P/kg), Oloya and Logan
(1980) observed that the pool of desorbable P was large compared to the
amount that readily desorbed (5-8% of the desorbable P in 24 hr). Conse-
quently, these soils may release low levels of P over a long period of time.

The desorption of soil P by rainfall runoff water is brought about by in-
teraction with a thin layer of surface soil (1-3 mm) (Donigian et al., 1977;
Ahuja ef al., 1981; Sharp’ - ef al., 1981a; Sharpley, 1985a). If the surface
water percolates through the . il profile, sorption of P by P-deficient sub-
soils generally results in low concentrations of soluble P in subsurface flow
(Ryden et al., 1973; Baker et al., 1975; Burwell et al., 1977; Sawhney, 1977;
Sharpley and Syers, 1979). Exceptions may occur in organic or peaty soils,
where organic matter may accelerate the downward movement of P
together with organic acids and Fe and Al (Fox and Kamprath, 1971;
Hortensteine and Forbes, 1972; Singh and Jones, 1976; Duxbury and Pever-
ly, 1978; Miller, 1979). Similarly, P is more susceptible to movement
through sandy soils with low P sorption capacities (Ozanne et al., 1961;
Adriano ef al., 1975; Sawhney, 1977) and in soils which have become
waterlogged, where a decrease in Fe (III) content occurs (Ponnamperuma,
1972; Gotoh and Patrick, 1974; Khalid et al., 1977).

C. PHOSPHORUS LEACHED FROM VEGETATION

The transport of P from the terrestrial to aquatic environments may oc-
cur through the leaching and washoff of P from growing and decaying plant
material (Gburek and Broyan, 1974; McDowell ef al., 1980; Schreiber and
McDowell, 1985; Schreiber, 1985; Sharpley, 1981). Numerous studies have
suggested that the leaching of vegetation in different stages of growth and
decay may account in part for the seasonal fluctuations in soluble P
transported in runoff from various watersheds (Kleusner, 1972; Wells et al.,
1972; Gosz et al., 1973; White and Williamson, 1973; Burwell ez al., 1975;
McDowell et al., 1980). Similarly, Muir et al. (1973), Burwell ef al. (1974),
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and Gburek and Heald (1974) attributed differences in amounts of P
transported to differences in the type of vegetation from watershed to
watershed. Increased losses of soluble P in runoff from alfalfa plots (33 g
P/ha) compared to forested (4 g P/ha), oats (16 g P/ha), and corn plots (11
g P/ha), were attributed to the larger amounts of P leached from alfalfa
(Wendt and Corey, 1980). In addition, White et al. (1977) reported that
nutrient transport in surface runoff was significantly related to runoff
amounts and that 50-75% of the data variation was explained by this fac-
tor. The unexplained variation was partially attributed to plant cover,
growth, and stage of decomposition.

The extraction of cut vegetation by deionized water has shown that large
differences in the amounts of P leached can occur with vegetation type and
that they increased dramatically following freezing and thawing of the
vegetation (Timmons ef al., 1970; Bromfield and Jones, 1972; Cowen and
Lee, 1973; White, 1973). Using a multiple-intensity rainfall simulator,
Schreiber and McDowell (1985) measured 125 g P/ha (6.3% of wheat P)
leached from wheat straw residue (4500 kg/ha loading rate) during a 25-mm
rainfall of 25 mm/hr. Although the P losses generally increased as wheat
residue loading rate increased, the percentage of P removed from the wheat
residue decreased, due possibly to an easier pathway of nutrient movement
from the residue surface to runoff at lower residue loadings (Schreiber,
1985). In one study, Sharpley (1981) found that growing cotton, sorghum,
and soybean plants could maintain concentrations of soluble P in plant
leachate (0.018-0.154 mg P/liter) similar to those released from unfertilized
soil. For healthy mature plants, leached P accounted for approximately
20% of soluble P transported in surface runoff. Under conditions in which
plants became P deficient and senescing plants, however, canopy leachate
contributed the major proportion (90%) of the soluble P transported in sur-
face runoff. Depending on the relative rates of infiltration and runoff, a
portion of plant leachate may infiltrate the soil and be recycled.

D. DETACHMENT AND TRANSPORT OF PARTICULATE PHOSPHORUS

Sources of sediment and particulate P in streams include eroding surface
soil, subsoil, and stream sediments derived from streambanks and channel
beds. The primary source of sediment in watersheds with a permanent
vegetative cover, such as forest or pasture, is from streambank erosion.
This sediment will have characteristics similar to the subsoils or parent
material of the area, which are often P deficient. In cultivated watersheds,
however, streambank erosion constitutes a smaller proportion of the sedi-
ment eroded, due to surface soil erosion. Although attempts to identify
sediment sources have been made using sediment mineralogy (Klages and
Hsieh, 1975; Wall and Wilding, 1976; Sawhney and Frink, 1978), erroneous
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conclusions can be made if preferential erosion of clay minerals occurs during
transport (Jones ef al., 1977; Murad and Fischer, 1978; Rhoton et al., 1979).

The degree of enrichment of P in runoff sediment due to the preferential
transport of finer-sized particles and lighter organic matter discussed earlier
is expressed as an enrichment ratio. For P, this is calculated as the ratio of
the concentration of P in the runoff sediment to that in the source soil.
Enrichment ratio values of 1.3 for total P and 3.3 for 0.001 M H,SO, ex-
tractable P for a silt loam situated on a 20-25% slope were observed by
Rogers (1941), whereas Massey and Jackson (1952) observed values between
1.9 and 2.2 for ‘‘water soluble plus pH 3 extractable’’ P for silt loams in
Wisconsin. Other ER values have ranged from 1.5 to 8.9 for total P
(Knoblauch ef al., 1942; Neal, 1944; Stoltenberg and White, 1953; Duffy et
al., 1978). Sharpley (1985b) observed that the enrichments of Bray-1 (2.45)
and labile P (2.89) were greater than those for other forms of P (total, in-
organic and organic) (1.48) for six soils using simulated rainfall. The
relatively greater enrichment of available P forms was attributed to less ag-
gregation of runoff sediment compared to source soil reducing the physical
protection of P. Phosphorus desorption-sorption characteristics, buffer
capacity, sorption index, and equilibrium P concentration (EPC) were also
enriched in runoff sediment compared to source soil.

Massey and Jackson (1952), Menzel (1980), and Sharpley (1980) reported
that the logarithm of particulate P ER was linearly related to the logarithm
of soil loss (kg/ha). A similar relationship between soil loss and the ER of
labile (*?P) and bioavailable P (0.1 M NaOH) and of P sorption-desorption
characteristics (P buffer capacity, P sorption index, and EPC) was also
measured for several soils under simulated rainfall (Sharpley, 1985b).
Although the texture of the soils studied ranged from Bernow fine sandy
loam (8% clay) to Houston Black clay (50% clay), regression equations of
the logarithmic soil loss-enrichment ratio relationship were similar. Dif-
ferent regression coefficients were obtained for different nutrient forms,
however, with equation (1) holding for bioavailable, Bray 1, total, par-
ticulate, and organic P, P buffer capacity, and P sorption index:

In ER = 1.21 — 0.15 In Soil loss (kg/ha) 6))
for labile P: In ER = 2.48 — 0.35 In Soil loss 2)
and for EPC: In ER = 1.63 — 0.25 In Soil loss 3)

The development of these general relationships between ER and soil loss
provide a method of estimating the transport of these P forms with sedi-
ment (Sharpley, 1985b). Inclusion of these relationships in water quality
models will improve the estimation of biological productivity of surface
water in response to inputs of nutrients from agricultural runoff and allow a
better description of P-runoff sediment interactions.
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E. CHANGES BETWEEN PHOSPHORUS FORMS DURING TRANSPORT

Interchange between soluble and particulate P can occur during transport
in stream flow. These transformations are accentuated by the selective
transport of fine materials, which have a greater capacity to sorb or desorb
P and will, thus, be important in determining the short-term potential of
runoff to increase algal growth. In addition, soluble P may be removed by
stream macrophytes (Stake, 1968; McColl, 1974; Vincent and Downes,
1980) and particulate P deposited or eroded from the stream bed with a
change in stream velocity. Thus, the amounts of soluble and particulate P
entering lakes and impoundments can be quite different from those entering
stream flow.

The direction of the exchange between soluble and particulate forms will
depend on the concentrations of sediment and soluble P in stream flow and
the equilibrium P concentration of the sediments contacted, which will in-
clude suspended, stream bank, and bottom material. The extent of these
changes will depend on the labile or desorbable P content of the sediment
material contacted and rate of stream flow.

The equilibrium P concentration (EPC,) is defined as the soluble P con-
centration that is supported by a solid sample at which no net sorption or
desorption takes place (White and Beckett, 1964; Taylor and Kunishi,
1971). If the soluble P concentration of runoff or stream flow falls below
the EPC, of the suspended stream bank material contacted, P will be
desorbed from the material. If, however, the soluble P concentration in-
creases above the EPC,, P will be sorbed by the suspended or streambank
material contacted. Changes in soluble P concentration during stream flow
may occur with the entry of subsurface runoff having a low soluble P con-
centration or surface runoff having a high concentration, respectively.

The above processes assume that sufficient desorbable P is present on the
sediment for the EPC, to be reached and that the rate of desorption or con-
tact time is sufficient for equilibrium to occur during runoff. If the sediment
concentration of stream flow is high, then equilibrium may be attained due to
rapid P desorption quickly reaching the soluble P concentration in
equilibrium with sediment (Kunishi ez al., 1972; Schuman et al., 1973; Mc-
Coll et al., 1975). The input of sediment from heavily P-fertilized soils may
increase the soluble P concentration of stream flow dramatically (Taylor
and Kunishi, 1971). If, however, the sediment concentration of stream flow
is low, the attainment of the EPC, will be limited by the capacity of the
desorbable P pool of the sediment contacted. In this case, the reaction
mainly occurs with streambank and bottom material that the stream con-
tacts on its way to the watershed outlet. Streambank material is usually P
deficient and has a high P sorption capacity. A decrease in the soluble P
concentration during base stream flow, when the sediment concentration
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was low, has been observed by Taylor and Kunishi (1971), Gburek and
Heald (1974), Johnson ef al. (1976), and Sharpley and Syers (1979). Soluble
P concentrations of 0.10-0.13 mg/liter of runoff from fertilized fields were
reduced to 0.009 mg/liter by sorption during movement downstream
(Kunishi ef al., 1972).

A linear inverse relationship between soluble P concentration and logarithm
of sediment concentration of runoff from cropped and grassed watersheds has
been observed (Holt et al., 1973; Burwell et al., 1975; Nielson and Mackenzie,
1977; Sharpley et al., 1981c). Sharpley ef al. (1981c) reported that the slope of
the relationship for several watersheds was related to the P sorption capacities
of suspended particulate material in runoff from the watersheds.

It is apparent, therefore, that changes in bioavailability of P can occur be-
tween the point where it enters runoff flow and where it enters a lake or im-
poundment. Although some unavailable P forms may be converted to available
forms in transit downstream, data reported suggest that the predominant reac-
tion causes available forms to be converted to unavailable forms. Consequent-
ly, the extent to which transformations between soluble and particulate P occur
during stream flow must be considered in terms of modeling P movement and
the potential bioavailability of P in surface waters.

IV. IMPACT OF PHOSPHORUS ON THE
AQUATIC ENVIRONMENT

A close relationship between the total P concentration of lake water and
the average algal standing crop in a wide variety of lakes has been observed
(Dillon and Rigler, 1974, 1975; Vollenweider, 1975; Schindler, 1977). The
occurrence of algal blooms, dissolved oxygen depletions, and fish kills in
Horseshoe Lake, Wisconsin, was partially attributed to high P inputs from
agricultural and natural drainage by Peterson ef al. (1973). In contrast,
however, for the economic production of fish, ponds usually require the
continuous addition of fertilizer (U.S. Department of Agriculture, 1971).
The high production of aquatic plants results in greater fish poundage, due
to an increased worm, insect larvae, and other aquatic animal community
feeding on the plants. In addition, the high fertility can reduce light penetra-
tion. The U.S. Department of Agriculture (1971) recommends that 112 kg
of 8-8-2 fertilizer per surface hectare of water be used for the first 3-5 years,
with a subsequent annual application of 45 kg/ha superphosphate.

The forms and amounts of P in lake systems are a function of the input of
P from external sources, its output from the lake, and the interchange of P
among the various sediment and water components. The interaction be-
tween soluble and particulate P forms is controlled by chemical,
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biochemical, and physical processes. Although soluble P is immediately
available for algal uptake, particulate P may provide a long-term source of
available P to algae growth through desorption to the surrounding lake
water (Bjork, 1972; Larsen et al., 1975; Cooke et al., 1977). Thus, the pro-
cesses controlling the bioavailability of particulate P must be considered in
designing programs to control accelerated eutrophication. Soluble and par-
ticulate P may be removed from the biotic zone by the natural processes of
phytoplankton uptake and deposition. The process of accelerated
eutrophication has been temporarily reversed in several eutrophic and
hypereutrophic lakes by the inactivation of biologically available P with the
addition of alum (Peterson et al., 1973; Cooke et al., 1978).

A. SOLUBLE PHOSPHORUS

The most available form of P to algae in the aquatic environment is solu-
ble P (Vollenweider, 1968; Bartsch, 1969). Walton and Lee (1972) reported
that soluble P was essentially 100% available, using algal assay procedures
and a variety of waters. A number of investigators, however, have found
that soluble P as measured by the molybdate method (Murphy and Riley,
1962) is not completely available to support algal growth (Rigler, 1968;
Lean, 1973a,b: Dick and Tabatabai, 1977; Stainton, 1980). This results
from a possible reduction in condensed phosphates, hydrolysis of organic P
compounds, and reaction with arsenate during analysis, all of which will
contribute to an overestimation of the true soluble P concentration. This
discrepancy is relatively great for waters of low P concentration, such as are
normally found in lakes, while the percentage error is much lower with con-
centrations found in streams, rivers, or wastewater discharges. Lee et al.
(1979) suggested that from a lake management point of view, the discrepan-
cy at low soluble P concentrations is of no major consequence as P control
programs must be directed at sources of high concentrations.

Boyd and Musig (1981) observed that planktonic communities in samples
of water from fish ponds absorbed an average of 41% of 0.30 mg/liter addi-
tions of soluble P within 24 hr. Over a longer period of time (2 weeks), these
concentrations declined to 10% of that originally present due to the added
removal of P by sediment.

B. PARTICULATE PHOSPHORUS

In oligotrophic and sometimes in eutrophic waters where soluble P con-
centrations are depleted by vigorous algal growth, concentrations may be as
low as 0.001 mg/liter (McColl, 1972). Under these conditions, P may be
desorbed from the suspended or deposited sediment material. In fact, Ban-
nerman ef al. (1975) calculated that approximately 10% of the external P




THE IMPACT OF SOIL AND FERTILIZER PHOSPHORUS 313

loading of Lake Erie (1.3 x 107 kg/ha) resulted from the desorption of P
from lake sediments. Furthermore, several studies have reported that par-
ticulate P can support biological growth, even though the soluble P concen-
tration is low (Healy and McColl, 1974; Golterman, 1977; Allan and
Williams, 1978). Consequently, the capacity of sediment entering lakes to
supply or remove P is important in an evaluation of the importance of P in
the aquatic environment.

The processes involved in the sorption and desorption of P by sediment
material in a lake are analogous to those occurring in stream flow discussed
earlier. The direction of P movement will be governed by the soluble P concen-
tration of the lake water and the desorbable P content or EPC, of the sediment
material. The rate and extent of P interchange between sediment P and the sur-
rounding lake water is controlled by the forms of P contained in the sediment
and soluble P concentration of the interstitial water. The forms of P contained
in the sediment have been reviewed extensively by Syers et al. (1973b). The
potentially mobile forms are P sorbed on hydrous Fe and Al oxides and CaCO,.

In addition to the chemical mobility of sediment material, its physical mobili-
ty will also affect the interchange between particulate and soluble P, and subse-
quently its bioavailability. The physical mobility of sediment entering a lake will
be a function of its texture and lake water temperature and turbulence. The
relative densities and temperatures of the inflow and lake water will determine
whether sediment enters the surface or bottom waters of the lake. As it enters
the lake its turbidity may reduce the depth of the photic zone. Coarse-textured
sediments will settle rapidly and be available to algae in the photic zone for short
periods only. In contrast, fine-textured sediments will remain in the photic zone
for a longer period of time. The bioavailability of this sediment will be further
increased by the fact that it will be enriched in P compared to coarser material.
Removal of fine-textured sediments from the photic zone may be enhanced by
bioflocculation in the presence of certain algae (Avnimelech and Menzel, 1984).

The mobilty of particulate P can increase if the sediment settles from an
oxic photic zone into a deoxygenated hypolimnion. The desorbed P can
then be redistributed during periods of lake turnover. In a study of the P
dynamics of two shallow hypereutrophic lakes in Indiana, Theis and Mc-
Cabe (1978) found that the soluble P concentration of lake water was reduc-
ed by sorption during oxic periods and increased by desorption during
anaerobic periods. The increased mobility of particulate P under anaerobic
compared to aerobic conditions is attributed to a reduction of Fe(III) to
Fe(Il) (Li et al., 1972; Syers et al., 1973b; Patrick and Khalid, 1974).

C. BIOAVAILABILITY OF PHOSPHORUS

Due to the importance of sediment as the major source of P entering the
aquatic environment from agricultural land and its ability to sustain algal
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growth, several methods to estimate the bioavailability of this P source have
been proposed. The availability of P to algae can be determined by an algal
culture test (EPA, 1971). However, more rapid chemical extraction pro-
cedures, which simulate removal of P by algae, have been proposed for the
routine determination of particulate P bioavailability (Dorich ef al., 1985).
Chemical extractants that have been used to measure the bioavailability of
particulate P are NaOH (Sagher et al., 1975, Golterman, 1976; Cowan and
Lee, 1976; Armstrong ef al., 1979; Logan et al., 1979); NH,F (Porcella et
al., 1970; Dorich et al., 1980); anion exchange resins (Wildung and
Schmidt, 1973; Cowan and Lee, 1976; Armstrong et al., 1979; Huettl et al.,
1979); and citrate-dithionite-bicarbonate (CDB) (Logan et al., 1979). It is
suggested that the weaker extractants and short-term resin extractions
represent P that could be utilized by algae in the photic zone of lakes under
aerobic conditions. In contrast, the more severe extractants (CDB) repre-
sent P that might become available under reducing conditions found in the
anoxic hypolimnion of stratified lakes.

Caution must be exercised, however, in relating P bioavailability of sedi-
ment material determined by these chemical extractions and the potential of
the sediment to increase algal growth (Lee et al., 1979; Sonzogni et al.,
1982). In turbid stratified lakes the surface photic zone may be relatively
thin compared to the mixed layers above or below the thermocline. In addi-
tion, suspended sediment material often contains large amounts of silt-sized
aggregates of clay, which will settle more rapidly from the photic zone than
smaller particles, possibly reducing the actual availability of particulate P.
Consequently, bioassays may produce erroneous estimates of available par-
ticulate P unless the physiochemical properties of the waterbody and sedi-
ment are considered in determining the appropriate bioassay to be used.

Although these above chemical extraction procedures have identified
which particulate P fractions can be utilized by algae, there is no evidence
that all of the chemically extracted P is algal-available. Thus, Hegemann e?
al. (1983) suggested that a quantitative assessment of algal-available par-
ticulate P will depend upon the development of long-term (> 100 day) algal
assay procedures. The bioavailability of P attached to suspended sediment
transported in tributaries to lakes and of sediment deposited in lakes is sum-
marized in Table IV for several studies. It is evident that a large variability
in the bioavailability of sediment P exists, which reflects the dynamic nature
of the physiochemical processes governing the transport, P mobility, and
deposition of eroded soil material. Phosphorus associated with suspended
sediment can be considered to be of short-term bioavailability due to
sedimentation from the biotic zone.

In contrast, P associated with deposited sediments is potentially
bioavailable for a much longer period of time. Wildung er al. (1974)
reported that the P content of the sediment in several lakes in Oregon was
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directly related to the biological productivity of surface waters and served as
a significant source of P to these waters, supporting increased biological
growth. Carignan and Kalff (1980) found that submerged macrophytes
depended overwhelmingly on sediments for their P supply. Even under
hypereutrophic lake conditions, sediments contributed the major propor-
tion (72%) of P utilized during growth. It has been suggested, moreover,
that these aquatic plants may supply P to overlying waters by excretion dur-
ing growth and upon senescence (Carignan and Kalff, 1980).

The water renewal time of a lake plays an important role in the dynamics
and extent of P exchanges in a lake. With a short residence time, outflow of
water from a lake can be a more important route for P removal than
sedimentation. When the residence time of a lake exceeds a few months,
most of the P inflow is retained in the lake sediments. Because of this pro-
cess, impoundments and small lakes have been used as efficient traps
(especially for particulate P) to improve downstream water quality (Rausch
and Schreiber, 1977). It is apparent, however, that the amounts of P stored
in lakes can build up to unacceptable levels, resulting in a permanent
deterioration in water quality. In fact, a reduction in the external load of P
upon the highly eutrophic Lake Trummen in Sweden did not bring about
the desired improvement in water quality until the upper layers of the P-rich
sediment were removed (Bjork, 1972).

D. ARTIFICIAL REMOVAL OF PHOSPHORUS FROM LAKES

In order to control or reduce the increased biological productivity of
lakes and impoundments, the inputs of P must first be reduced. The diver-
sion of P inputs, however, does not always bring about a prompt and suffi-
cient reduction in lake water concentration, due to internal recycling from
P-rich sediments (Larsen et al., 1975; Cooke et al., 1977). A reduction in the
P concentration of lake water and the inactivation of the recycling
mechanisms may be brought about by chemical amendments (Jernelov,
1970; Peterson et al., 1973; Cooke et al., 1978; Kennedy, 1978). Several
points need to be considered in the restoration of lake water quality by P
precipitation and inactivation. These include the chemicals used, dosage, ef-
fect of the additives on benthic fauna, and method and time of application.
The most commonly used chemicals are aluminum sulfate and sodium
aluminate, due to the stability of flocculated Al hydroxides with redox
changes. The removal of P is brought about by precipitation of AIPO,, by
coagulation or entrapment of P-containing particulates, or by sorption of P
on the surfaces of Al hydroxide polymers (Recht and Ghassemi, 1970;
Eisenreich ef al., 1977).

The maximum dosage of Al,(SO,), for the long-term control of P cycling
may be determined by Al,(SO,), addition to lake water samples until the
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dissolved Al concentration reaches 0.050 mg Al/liter (Kennedy, 1978), a
concentration Everhart and Freeman (1973) found to be nontoxic to fish.
Very little direct laboratory or field evidence on the effect of Al on the
aquatic biota exists, although several studies have shown no apparent effect
on fish (Kennedy and Cooke, 1974; Bandow, 1974; Sanville et al., 1976) or
benthic invertebrates (Narf, 1978) following full-scale lake treatments.

A predetermined amount of Al,(SO,); is applied as a slurry from the lake
surface if P removal from the epilimnion is required. If control of P release
from sediments is required then application to the hypolimnion is necessary.
As AlL(SO,), removes dissolved organic P inefficiently (Browman et al.,
1973; Eisenreich et al., 1977), applications should be made in early spring
when the major proportion of P in lake water is inorganic (Browman et al.,
1977; Eisenreich et al., 1977). The continued presence of organic P may be
significant, as Heath and Cooke (1975) observed that certain nuisance blue-
green algae can produce a phosphatase enzyme under P-limiting conditions,
that is capable of mineralizing organic to inorganic P at rates sufficient to
support algal blooms. Application time will not be critical for treatment of
P desorption from lake sediments. However, the relative importance of lake
sediments as a P source should be assessed prior to Al,(SO,); application.
For example, lakes receiving substantial inputs of clay in addition to P may
contain sediments with high sorption capacities for P.

The application of Al,(SO,); to just below the surface of Horseshoe Lake,
Wisconsin, resulted in a significant decrease in the P content of both the
epilimnion and hypolimnion (Peterson et al., 1973). Prior to application,
the lake had experienced algal blooms and fish kills which were partially at-
tributed to agricultural inputs of P. Born (1979) observed that although
hypolimnion P increased slightly each year after application, it never reach-
ed pretreatment levels, thus giving approximately 8 years of control. The
hypolimnetic application of AlL,(SO,), to the eutrophic West Twin Lake,
Ohio, resulted in an 88% reduction in total P concentration of the lake
water (Kennedy, 1978). Continued water quality monitoring by Kennedy
(1978) indicated that the layer of Al(OH), deposited on the sediments re-
duced P release to overlying waters by 98%. Three years later the lake was
mesotrophic.

V. CONCLUSIONS

Fertilizer P use presents no direct problem to the terrestrial environment.
The use of P fertilizer is essential to maintain adequate crop production for
an ever-increasing population. Its application can reduce the nutrient
enrichment of surface waters by establishing an increased vegetative cover
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on eroding soils. These benefits to the environment must be considered
along with a potentially detrimental indirect effect of fertilizer P use. Heavy
metal and radionuclide contaminants not removed during fertilizer
manufacture may accumulate in the soil. No threat to human health has
been reported at the present time, although the continued application of im-
pure fertilizer materials to acid soils may lead to problems with crops
susceptible to contaminant uptake, especially that of cadmium.

Most of the public and scientific attention regarding environmental ef-
fects of P fertilizer has been focused on the aquatic environment due to the
role of P in increasing the biological productivity of lakes and impound-
ments. Considerable research has been conducted to quantify the losses of
soil and fertilizer P from various land management practices. However, we
are still unable to relate P inputs to a lake or impoundment to a quantitative
description of water quality. Furthermore, the effect of P concentration on
algal growth receives continued attention, while little information is
available on how lake macrophytes are affected, even though macrophytes
present a more serious economic problem than algae in many lakes.

Research should be directed towards improving the partitioning models
for soluble and particulate P transport in runoff and in lakes and impound-
ments. This should focus on the mechanisms of exchange between desor-
bable or labile P and solution and methods to routinely quantify the
amounts of desorbable or bioavailable P on various materials. With the ac-
cumulation of P at the soil surface under conservation tillage practices, ex-
isting soil P test procedures may need to be reevaluated. This may include
changes in soil sampling frequency, timing, and depth, in addition to the
use of chemical extractants capable of removing easily mineralizable
organic P from the surface plant residue built up.

As the crop canopy can contribute a major proportion of the soluble P
transported in runoff, surface soil and plants must be considered as a con-
tinuum and the pool of desorbable P in both soil and plant material deter-
mined. The measured size of this pool will depend upon the experimental
conditions of analysis, therefore extraction mediums, solution:soil ratios,
and contact times relevant to either the terrestrial or aquatic environments
must be used. In the case of the aquatic environment, the fact that the
desorbed P can be continuously removed from the system by algal growth
must be considered.

In the light of research on the kinetics of P exchange between desorbable
P and solution in the terrestrial and aquatic environments and during
transport from the terrestrial environment, more accurate and widely ap-
plicable models simulating P transport from watersheds can be expected.
This information should be used to improve the prediction of both the
amounts and forms of P transported into lakes and impoundments. These
models can then be used as tools to aid management decisions to reduce P
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loss in runoff and at the same time to increase crop yields to maintain ade-
quate food production for an increasing population. In addition, these
models may also identify areas of further research.
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