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FOREWORD

Environmental protection efforts are increasingly directed towards pre-
venting adverse health and ecological effects associated with specific com-
pounds of natural or human origin. As part of this Laboratory's research on
the occurrence, movement, transformation, impact, and control of environ-
mental contaminants, the Technology Development and Applications Branch
develops management or engineering tools for assessing and controlling
adverse environmental effects of non-irrigated agriculture and silviculture.

This study was conducted to investigate the influence of applied ferti-
lizers and pesticides upon the water quality of surface and subsurface
drainage. Various soil management practices, particularly tillage systems,
were evaluated as controls for losses of fertilizer and pesticide from the
rapidly expanding citrus groves of southern Florida. |If guidelines
furnished here are followed, citrus grove managers can make more efficient,
cost-effective use of fertilizers and herbicides and, at the same time,
reduce the contribution of this non-point source of pollution to our water-
ways.

David W. Duttweiler

Director

Environmental Research Laboratory
Athens, Georgia



ABSTRACT

Concentrations and discharge amounts of NO3-N, POy-P, 2,4-D herbicide,
terbacil herbicide, and chlorobenzilate acaricide were determined in surface
and subsurface drainage waters from a citrus grove located in an acid, sandy
flatwood soil of southern Florida. The citrus grove received routine appli-
cations of fertilizer, pesticide, and irrigation water as needed. The grove
was established in 1970 by placing trees in two rows on top of soil beds
which were separated by furrows for surface runoff. Subsurface plastic
drain tubes placed at 107 cm depth and spaced 18.3 m apart were installed
perpendicular to the soil beds.

The influence of fertilizer and pesticide upon water quality was examined
for citrus growing in three soil management treatments: ST, DT, and DTL.
The ST or shallow-tilled plot was plowed to 15 cm depth, the DT or deep-
tilled plot was established by mixing the top 105 cm of the soil profile with
a trenching machine, and the DTL plot was also deep tilled to a depth of 105
cm with 56 mt/ha of dolomitic limestone mixed with the soil. A drained
untilled, unfertilized control plot without citrus was also established.

Following an individual rainfall or irrigation event, water fiux from
subsurface drains as well as drawdown of the water table at the midplane
between parallel drains were consistently greater from the shallow-tilled
plot relative to the deep-tilled plots. However, drainage from DT was more
rapid than from DTL. Average annual quantities of drainage from ST was
equivalent to 50% of total rainfall plus irrigation. For DT and DTL plots
drainage water represented only 28 and 17%, respectively, of total water inout.

Routine applications of fertilizer increased concentrations of NO3-N and
POL-P in drainage water from all three plots. Greatest leaching losses of
these nutrients occurred from ST. Average annual losses of NO3-N in both
surface and subsurface drainage from ST, DT, and DTL plots were equivalent
to 22.1, 3.1, and 5.4% of total N applied as fertilizer. Average annual
losses of POy4-P in both surface and subsurface drainage from ST, DT, and DTL
plots were equivalent to 16.9, 3.6, and 3.5% of total P applied as fertili-
zer. Deep tillage was thus observed to greatly decrease leaching loss of N
and P nutrients. Loss of nutrients in surface runoff was very small for all

three plots.

Although the magnitudes were less, deep tillage also decreased leaching
losses of terbacil and 2,4-D herbicide. Discharges of these herbicides in
subsurface drainage were usually in the order: ST > DTL > DT: Discharge of
2,4-D was greater from drains with open outlets than from dra!ns with sub-
merged outlets. Better aeration in soil surrounding open.dralns was believed
to have enhanced microbiological degradation of 2,4-D. Plscharge of terba-
cil, which has a tenfold greater half-life than 2,4-D, did not differ for



open and submerged drains. Chlorobenzilate pesticide was not detected in
drainage water from any of the three soil treatments.

This report was submitted in fulfillment of Grant No. R-800517 by the
Institute of Food and Agricultural Sciences of the University of Florida
under the sponsorship of the U.S. Environmental Protection Agency. This
report covers a period from May 1, 1973 to December 31, 1976, and work was
completed as of April 1, 1977.
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SECTEON 0

FMTRODUCT 1 ON

During the past 50 years, improved soil water management and increased
utilization of fertilizers and pesticides have contributed greatly to incre-
ased production of agiicuitural ciops. lIncreased crop yields per unit land
area are largely responsible for the relatively low costs for food and fiber
commodities currently available io the American consumer. Agricultural
scientists are therefoie presently concerned with the development of water
and chemical management of crops which will improve production efficiency
for consumer commodities and simultaneously prevent the contamination of the
soil-water environment with uncdesirable concentrations of chemicals from
applied fertilizers and pesticides. Thus the objectives for agricultural
research are multifold: to prevent pollution of groundwater and other water
supplies, to prevent eutrophication of lakes, to provide efficient utiliza-
tion of irrigation water and coccly fertilizer nutrients by crops, and to
provide effective control of weed, insect and microbiological pests.

The occurrence of potentially harmful concentrations of agrichemicals
in groundwater, drainage canals, and streams may be greatest (Nelson, 1972)
in areas where cash crops are grown mainly on sandy soils which receive
frequent applications of irrigation water, insecticide, herbicide and fert-
ilizer. Such conditions exist in the humid, subtropical climate of Florida.
Recent investigations indicate that under certain crop management practices
the possibility exists for substantial leaching losses of fertilizer nutrients
in acid, sandy soils of Florida (Calvert and Phung, 1971; Calvert, 1975;
Forbes et al., 197h4; and Graetz et al., 1974) . However, the exact fate of
applied fertilizer materials was not shown in these studies. Soil manage-
ment practices are needed for crops growing in a humid climate on sandy soils
to prevent or minimize pollution resulting from discharge of agricultural
chemicals through surface and subsurface drainage waters. Basic information,
however, is lacking for concentrations as well as discharge of nutrients and
pesticides in drainage water from individual agricultural fields, and how the
loss of these chemicals is affected by management of soil, water, fertilizer,
and pesticide resources.,

A brief search of the literature readily shows that many factors affect
the loss of pesticides or nuirients such as nitrogen and phosphorus in sur-
face runoff and drainage waters from subsurface-drained agricultural soils.
Jury (1975) stated that "The solute flux or concentration of water collected
at the tile contains contributions from all parts of the field being drained,
in proportions which depend on tile line spacing, soil permeability varia-
tions, and type of infiltration (ponded or unsaturated). This complex super-
position, coupled with a phase delay due to travel time variations from point
to point on the field, greatly obscures the relationship between input and

output''.



Although soil water is the medium by which solutes such as nitrate are
transported through soil, water and dissolved chemicals do not always move
with the same velocity. Biggar and Corey (1969) state that the movement of
solutes through soil frequently lags behind water movement largely due to
mixing processes such as diffusion and hydrodynamic dispersion which occurs
between the resident soil solution and infiltrating water from irrigation
or rainfall. In addition, ions such as ammonium or phosphate can be further
detained in their movement in the direction of soil water flow by adsorption-
desorption interaction with soil colloids. Phosphorus in the soil solution
can also undergo precipitation with iron and aluminum and therefore be removed
from the solution phase. Ammonia, of course, is also subject to microbiolog-
ical transformations to form nitrate under aerobic soil conditions, and
nitrate is subject to form N20 and Ny gases under anaerobic conditions. Sol-
uble organic herbicides such as terbacil and 2,4-D also move through soil at
velocities considerably less than that for water. These herbicides are sub-
ject to adsorption-desorption and microbiological degradation, as well as
many other processes. In general adsorption has been shown to be a better
indicator of potential movement in soil than solubility in water (Biggar,
1970). Thus, change in concentrations of fertilizer nutrients and pesticides
in surface runoff and drainage waters is a complex function of time due to
solute dispersion, transport, interactions with the soil, and microbiological
transformations.

The quantity and velocity of water flowing through soils to subsurface
drains are of major importance to the leaching loss of applied fertilizers
and herbicides. Bolton et al. (1970) measured nutrient losses in tile drain-
age water for crops growing on a clay soil for a 7-year period. They con-
cluded that the total volume of drainage water for a particular cropping sys-
tem was the predominant factor influencing nutrient loss. Discharge of nut-
rients was distinctly greatest during seasons when large amounts of drain
flow occurred. Water uptake by plants (transpiration) tends to decrease the
volume of drainage from the soil. Both Bolton et al. (1970) and Erickson
and El11is (1971) observed less fluctuation in concentration of a given nut-
rient in drainage water with time during a specific season than for the
fluctuations of discharge flux (product of solute concentration and drainage
water flux) for the nutrient.

Removal of fertilizer nutrients from the mobile soil solution by growing
plants is generally considered to be relatively inefficient. Ayers and
Branson (1973) state that uptake of applied nitrogen is frequently 50% or
less. Recovery of applied phosphate by plants averages about 30% (Nelson,
1975). A large portion of the nitrogen that is not removed by crops is sub-
ject to potential leaching loss from the root zone. Johnson et al. (1965)
found that rather large percentages of applied nitrogen (range: 9-70%) were
lost in tile drainage effluent from irrigated land in California. Losses
of phosphorus were much less (range: 1-17%) .

Frink (1971) states that the efficiency of nitrogen uptake by a crop is
greatly influenced by the rate, the method, and.the timing of fertilizer
applications. Of these three factors, proper tlml?g of fertilization appears
the most important. He states that by timing ap91|cat|o?s of fertilizer to
coincide with maximum demand of the crop, less nitrogen is required to pro-
duce the same crop yield.
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Generally speaking, concentrations of NO-N are lower in surface runoff
water than in subsurface drainage; whereas, the concentration of soluble P
is usually higher in runoff water than in drainage (Biggar and Corey, 1969).
The concentration of soluble P is frequently less than 0.01 ug/ml in the soil
solution of the subsoil horizons of most soils (Biggar and Corey, 1969).
Thus the concentrations of P in subsurface drainage water is normally very
low. However, Bingham et al. (1971) measured NO3-N concentrations as high

as 20 ug/ml in subsurface drainage water from a large citrus watershed in
California.

Ayers and Branson (1973) observed that nitrate concentrations tend to
be higher in groundwater located beneath sandy soils which are intensely
managed for agricultural use. Also concentrations of NO3-N in soil solution
samples taken from the root zone of soil beneath a citrus grove increased
from 19.3 pg/ml for low nitrogen fertilization (150 1bs. N/acre/yr.) to 45.5
ug/ml for high nitrogen fertilization (350 lbs. N/acre/yr.).

During 1968 an interdisciplinary research team comprised of scientists
employed by the University of Florida and the Agricultural Research Service
of the U. S. Department of Agriculture was assembled under the Soil-Water-
Atmosphere-Plant (SWAP) Project (Knipling and Hammond, 1971). The SWAP
project was established for the purpose of developing a research program to
solve pertinent problems associated with soil, water, atmosphere and plant
resources for agricultural production. A field experiment was established
on a 20-hectare area at the Agricultural Research Center, Fort Pierce, Flor-
ida to evaluate the effects of three soil management systems =~ Shallow
Tillage (ST), Deep Tillage (DT), and Deep Tillage Plus Lime (DTL) - and two
drainage systems - subsurface drains with Submerged (S) and Open (0) outlets
on soil and water properties, drainage characteristics of the soil, and
growth response of 12 citrus rootstock/scion combinations. Historical back-
ground of the project and a detailed description of the design and objectives
of the SWAP study have been given by Knipling and Hammond (1971). Soil with-
in the experimental area are classified as Spodosols (acid flatwood soils)
which represent a major physiographicunitwithin Florida (Figure 1) and in
the Southeastern United States. The land area shown in Fig. 1 and designated
as Spodosols also includes the order of Alfisols which are sandy soils with
larger contents of colloidal material (clay minerals and organic matter) than
the associated Spodosols. This schematic map provides only a very general
description of the location of large areas of Spodosols in Florida. Compared
to the Spodosols, the Alfisols are generally more fertile soils.

Spodosols and other associated flatwood soils represent the most exten-
sive order (Zelazny and Carlisle, 1971) of Florida soils and account for
approximately 25% of the total land area. Sites et al. (1964) have stated
that approximately 5 million acres of flatwoods and marshes occur just in
the central and southern sectors of the state. Generally, Spodosols occur
on nearly level to gently sloping landscapes with a shallow groundwater table
which fluctuates near the soil surface during summer and early fall periods
of high rainfall (Brasfield et al. 1973). Spodosol profiles are character-
ized by the presence of a subsurface spodic horizon which is an accumulation
of organic matter with varying amounts of aluminum and iron. The spodic

horizon usually (Brasfield et al. 1973) has relatively high levels of catior



exchange capacity, specific surface area, water retention capacity, and
exchangeable acidity. This horizon commonly occurs at depths less than 75

cm beneath the soil surface and is overlain by sawd, Ay eluvial and A; sur-
face horizons. Spodosols are typically strongly acid sandy soils which have
low levels of fertility and base saturati -, lInternal drainage of these soils
is generally limited by the presence of the spodic horizon which is sltowly
permeable to water, However, if pzrallel subzurface drains are placed in
these soils, lateral drainage through the A, horizon can be rapid, particu-
larly where the spacing between drains is smail.

During 1973 the Environmental Protecrion Agency funded Grant #R800517
to investigate the influence of applied fertilizers and pesticides upon the
water quality of surface runoff and subs u(r"@ drainage waters in the SWAP
citrus grove. The objectives of that pro WRT S a? follaws: (1) to deter-
mine the movement and fate of NOg-N, Piy- rbacil, 7,h~dichlorophenoxy=-

,—rﬁ

Ter
acetic acid, and chlorobenzilate through fhe soil u«@f“l@ and into drainage
water from a citrus grove, {(2) t= evaix;.b the i iuence of the three soil

management systems = Shallow Tillage (ST} Deep 1!3 age (DT) and Deep Tillage
plus Lime (DTL) - and the two drazinage S;fuunz « Sunmerged (S) and Open (0)
drain outlets = upon the concentration and fhuc of selected agrichemicals in
surface runoff and subsurface drainage waiers, wwid (2) to determine base-
level concentrations of selected agrichamicals in subsurface drained soil
which has sod vegetation and that has rereived ny applications of fertilizer
and pesticides.

s

Spodosols (L | D dort Plerce

FIGURE 1. Map of Florida showing iocations of major areas of Spodosols.



SECTION {1
CONCLUSIONS

Acid, sandy Spodosol soils of Florida are typically poorly drained. The
presence of subsurface spodic and clay strata in the profile impede water
flow vertically from the profile and enhance lateral flow along the top of
the spodic layer. Nearly flat topography also limits rates of surface and
lateral subsurface drainage. During periods (summer) of frequent rainfall
a water table develops in the soil profile and sometimes inundatés the soil
surface. Agricultural development of flatwood land thus normally includes
establishment of ditch or subsurface drainage systems for the purpose of
removing excess soil water and maintaining a water-unsaturated root zone in
the upper portion of the soil profile for optimum plant growth. Citrus
trees are grown on these soils using slightly elevated beds to provide sur-
face drainage and either open ditches or buried tiles to provide subsurface
drainage.

Both the nutrient and water retention capacities for the sandy surface
horizons of Spodosols are characteristically small. Consequently, agricul-
tural management of citrus growing on flatwood soils usually includes quar-
terly applications of fertilizer and applications of irrigation water as
needed during periods (winter and spring) of infrequent rainfall. In addi-
tion to fertilizer, other chemicals such as herbicides, insecticides, fungi~
cides, and acaricides are applied to control specific pests.

Agricultural chemicals such as fertilizers and pesticides applied to
citrus groves on drained flatwood soils are occasionally suspect as potential
contaminants of groundwater and drainage canals. Primary objectives for this
research project were first to quantitatively assess the water pollution
potential of two fertilizers--nitrogen and phosphorus--and three pesticides--
terbacil, 2,4-D, and chlorobenzilate--when applied during routine management
of a subsurface-drained citrus grove located on a Spodosol and second to
evaluate the influence of three soil management schemes--shallow tillage (ST),
deep tillage (DT), and deep tillage plus lime (DTL)--upon the water pollution
potential of these chemicals. An unfertilized Control plot with subsurface
drainage but without citrus trees was also established. Volumetric discharge
rates and chemical analyses of surface runoff and subsurface-drainage waters
were measured with time. Water flux and chemical concentrations were inte-
grated to determine discharge of the 5 applied agricultural chemicals with
surface and subsurface drainage.

Based upon results obtained from this research, the following conclu-
sions were made:

(1) Following periods of rainfall or irrigation, flux and accumulative dis-

charge of subsurface drainage were consistently greater from the shallow-
tilled treatment, ST, relative to that for the deep~tilled treatments, DT
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and DTL. Drainage flux and accumulative discharge from the soil management
treatments were in the order: ST >> DT > DTL = Control. Average monthly
amounts of drainage from ST were approximately twice that for DT.

Average annual quantities of subsurface drainage for the three-year per-
iod 1973-75 were 78, 43, and 27 cm, respectively for ST, DT, and DTL plots.
The average annual sum of rainfall and irrigation for the same period was 155
cm. Thus drainage water from the ST plot was equivalent to 50% of the total
water input from rainfall and irrigation. For DT and DTL plots drainage
water represented only 28 and 17%, respectively of total water input. This
observation indicates that the slower drainage in the deep tilled treatments
provided opportunity for storage of infiltrated water over longer periods of
time than for the shallow-tilled plot. Thus deep tillage tended to increase
the length of time for water storage in the soil profile following rainfall
or irrigation. In fact estimated values of evapotranspiration for the
three treatments were in the order ST << DT < DTL.

Drawdown of the water table in the soil at the midplane between parallel
subsurface drains was in the order ST >> DT > DTL. During a ten-day period
following an irrigation of 16 cm of water, approximately 1.4, 3.0, and 6.2
days were required for the water table to move from near the soil surface
to a depth of 60 cm for ST, DT, and DTL plots. Although the very rapid
drawdown of the water table in the ST plot provides for rapid establishment
of aeration in the rooting zone, the accompanying rapid movement of soil
water also increases the potential for greater loss of applied fertilizer
nutrients.

Overall growth of citrus trees and fruit yields for the three treatments
were in the order ST << DT < DTL and ST = DT << DTL, respectively. The deep
tillage treatment thus improved growth and yields from citrus, probably due
to increased capacities for temporary storage of water and nutrients in the
root zone of the soil profile.

(2) Greatest leaching losses with subsurface drainage from the soil profile
for both NO3-N and POL4-P occurred from the ST treatment. Concentrations of
POL-P appearing in the drainage water from the ST plot were higher than
expected. Both DT and DTL plots leached very small amounts of POL-P com-
pared to that for an unfertilized Control plot apparently due to the greater
surface area and chemical nature for retention of PO4-P provided by the
colloidal organic and inorganic materials which were incorporated into the
otherwise sandy profile by the deep tillage. The DTL treatment gave signi-
ficantly more NO3-N discharge into the drains than the DT treatment and was
probably due to the higher nitrification rate found for the DTL soil.

Average annual losses of NO3-N in surface and subsurface drainage from
ST, DT, and DTL plots were equivalent to 22.2, 3.1, and 5.4% of total N
applied as fertilizer. Thus deep tillage decreased NO3-N Jloss by approximately
fourfold over shallow tillage. Loss of NO3-N from the combined treatments of

deep tillage plus lime was also greater than for the single treatment of
deep tillage.

Average annual losses of PO4-P in surface and subsurface drainage from
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ST, DT, and DTL plots were equivalent to 16.9, 3.6, and 3.5% of total P
applied as fertilizer. Thus deep tillage decreased P loss by more than four-
fold over shallow tillage. Essentially no differences were observed in P
loss from DT and DTL plots. Annual losses of both N and P were relatively
high for the ST plot.

The-ratios of NO3-N and P discharged in subsurface drainage from all
three soil plots were greater than the ratio of 9.2 for N and P applied as

fertilizer. For ST and DT the N-to-P ratios were 12.1 and 10.5, respectively.

ever, the N-to-P ratio in drainage from DTL was 20.3 or almost twice that for
either ST or DT. The large N-to-P ratio for DTL reflects the smaller leach-
ing loss of P and the larger leaching loss of N relative to that for DT. For
the nutrient content of oranges the average ratio of N-to-P is 8.0 which is
slightly less than the ratio of 9.2 for the fertilizer.

(3) Timing of fertilization with respect to rainfall or irrigation events
was observed to greatly influence leaching loss and thus nutrient enrichment
of subsurface drainage water. Losses of NO3-N in drainage from ST soil were
relatively large and depended upon the quantity of water applied when irri-
gation immediately followed application of fertilizer. During 14-day periods
following 16.0, 8.2, and 2.4 - cm irrigations NO3-N losses represented 34,13,
and 2% of N applied in the fertilizer for ST. Discharges of NO3-N from

DT after 16.0, 8.2, and 2.4 - cm irrigations were only 1.34, 1.06, and 0.02%.
However, comparable losses from DTL were 12, 8, and 0.2%, respectively.
Losses of POy-P in drainage after the 16.0, 8.2, and 2.4 - cm irrigations
were 8, 3, and 0.9% for ST; 1.56, 0.14, and <0.01% for DT; and 2.31, 0.12,
and <0.01% for DTL.

(4) Potential leaching losses of applied N and P for citrus growing on tile-
drained Spodosol was observed to be greatest during the six-month period

from May through October. During these periods for 1973 1975 approximately
78% of annual rainfall occurred. During these high-rainfall months N0O3-N
discharged with subsurface drainage accounted for 78% of the total annual
loss of NO3-M from ST, 83% for DT, and 74% for DTL. Losses of PO4-P account-
ed for 90, 89, and 88%, respectively of total annual quantities discharged
from ST, DT, and DTL.

(5) Application of fertilizer was observed to increase the concentrations of
NO3-N and PO4-P in drainage water from ST, DT, and DTL plots. However, as
the drainage water moved through a long perimeter ditch to the South Sump
the concentrations of nutrients were greatly decreased. Nutrient concentra-
tions in drainage water sampled from the surrounding perimeter ditch and
from the non-tilled, unfertilized Control plot and in the South Sump for the
entire SWAP citrus grove were generally much lower than that found in the
drainage water from the tilled and cropped areas. The lower concentration
of P in the ditch and South Sump can probably be explained by fixation of P
with clay minerals in the ditch banks and by uptake by plants in and near
the water. A dilution effect also was caused by water coming from unferti-
lized areas. NO3-N probably was absorbed by plants and underwent denitrifi-
cation in the anaerobic conditions of the ditch bottom.

(6) Losses of NO3-N and PO4-P with surface runoff were very small for all

How-



treatments. Runoff rarely occurred from ST and occurred from the deep-tilled
plots only during intense rainfall or irrigation of long duration. Runoff
occurred after the soil profile had become water-saturated.

(7) Denitrificationcan be a significantly large sink for nitrogen applied
as fertilizer to the DT and DTL treatments. The relatively slow drainage
characteristics of these deep-tilled soils in conjunction with the capacity
of the soil located in the lower portion of the profiles to denitrify nitrate-
N contribute to this sink. In the ST or shallow-tilled soil denitrification
takes place only in the surface or A] horizon. Since the soil in the Aj
horizon is seldom water-saturated under conditions of subsurface drainage,
considerably less denitrification is likely to occur in the ST soil relative
to that in the DT and DTL soils. Rate coefficients for denitrification were
found to be (average for three soil depths) 2.24, 0.4k4, and 0.88 10-3/hr for
ST, DT, and DTL soil. Thus the DTL soil has a greater potential for denitri-
fying NO3-N than does DT soil.

(8) Although deep tillage clearly decreased nutrient (mainly P) leaching
losses from the soil its affect upon pesticide loss was not as dramatic.
Discharge measurements in drainage indicated some movement of terbacil and
2,4-D herbicides but essentially nil loss of chlorobenzilate. The results
with chlorobenzilate were expected since it is not a water-soluble material
and it was applied directly to the citrus foliage. Losses of terbacil and
2,4-D in subsurface drainage of DT and DTL plots was, however, less than that
for ST. Total discharges of these two herbicides were in the order ST >

DTL > DT.

Discharge of herbicide with subsurface drainage was affected by the type
of drain outlet. For 2,4-D, leaching loss was greater from drains with open
outlets than from drains with submerged outlets. Loss of terbacil in drain-
age, however, was not greatly different for open and submerged drains. Since
the half-life of 2,4-D is approximately one tenth of that for terbacil, the
higher water content and poorer aeration in soil above submerged drains is
believed to have influenced microbial degradation of 2,4-D more so than for
terbacil.

(9) Changes in concentration of NO3-N in subsurface drainage from DTL soil
was observed to follow changes in concentration of soil solution surrounding
the drain tube. However, NO3-N concentrations in portions of the upper 60
cm of soil were as high as 120 ug/m! in the soil solution even when the con-
centration in drainage water was less than 8 ug/ml.

(10) A mathematical model was developed to describe the simultaneous trans-
port of P and water through soil. Kinetic theory was used to incorporate
reversible transformations of P between dissolved, adsorbed, immobilized,
and precipitated phases.



SECTION I11

RECOMMENDAT I ONS

The ‘following management guidelines are recommended to citrus grove
operators and other land management specialists for controlling pollu-
tion from non-point sources of fertilizer and pesticide in citrus groves
located on Spodosols:

A.

Excessive rates of fertilizer and herbicide application are wasteful
and contribute to unnecessary pollution of our waterways. Rates and
timing of chemical applications should coincide with citrus demand
for nutrients and should be consistent with soil water management
(irrigation, rainfall, drainage, etc.). Fertilizer applications
should be minimized during Florida's summer rainy season to avoid
excessive leaching of nutrients from fertilized soil. Most efficient
usage or uptake by plant roots of applied fertilizer occurs when the
use-efficiency of infiltrated rainfall and irrigation is also large.

Although expensive, deep-tillage appears to be a practical management
method for flatwood soils (Spodosols). If horizons of fine textured
material exists in the subsoil, colloidal materials can be incorpo-
rated into the otherwise coarse sandy surface soil and thereby reduce
leaching of applied agrichemicals.

Collecting the drainage water from citrus groves in reservoirs for
recycling through irrigation systems could permit recovery of some
of the discharged nutrients and increase the water use-efficiency

during periods of limited rainfall.

Although the deep tillage treatment was observed to decrease leaching
losses of applied nutrients and herbicides, initial costs for estab-
lishment of deep tillage by the trenching method is currently about
$18,664 per hectare which is prohibitive for use by commercial cit-
rus growers. Several options are available however for utilizing

the deep tillage treatment at much less cost.

One alternative is to use the trenching method to deep-till a L45-cm
swath along the rows of citrus trees. Estimated cost for selec-
tive deep tillage would be only $1,023 per hectare. Growing citrus
trees under those conditions would be somewhat like growing the
trees in large pots since leaching loss of nutrients and water
could be greatly decreased in the deep-tilled soil adjacent to the
tree rows. Applications of fertilizer would be restricted to the
surface soil of the deep-tilled swath. More efficient water use
could also be provided by applying irrigation water directly to

the base of the trees using the drip/trickle method.



Shallow placement of smaller drains with narrower spacing could also
be used as an alternative to the deep placement of large drains with
wide spacing as currently used at the SWAP citrus grove. Recent
work by Fausey (1975) indicates that shallow subsurface drains can

be used to control seasonal high water tables in soils with an imper:

meable or slowly permeable layer at a shallow depth. Relatively
small diameter corrugated plastic draintubes can be installed at
shallow depths (Fausey, 1975) by the '"plow-in'' method for consider-
able cost savings over conventional trenching methods for installing
deep drains. Fausey (1975) used a finite difference model to
simulate transient water flow to drains in a two-layer soil where
the depth to the impermeable lower boundary was 150 cm and the layer
interface was 55 cm from the ground surface. He concluded that if
the hydraulic conductivity for soil in the top layer was 5 times or
more greater than that for the bottom layer, the rate of midplane
recession of the water table during early stages of drawdown was
greatest when the drain was placed at 50 cm depth. Fausey (1975)
concluded that shallow drainage of layered soils appears to be
feasible.

Another alternative means for establishing deep tillage over the
entire soil area at a greatly reduced cost over the trenching method
is to use a moldboard plow. Kaddah (1976) stated that deep tillage

of a soil profile could be accomplished to a depth of 120 cm by

moldboard plowing for a cost of $148-198 per hectare. The cost is
further increased, however, by cost for land leveling which is
required after deep moldboard plowing.

Estimated current costs for initial establishment of a pop-up sprin-
kler irrigation system and subsurface plastic drain tubes are $2,471
and $2,242 per hectare, respectively for either shallow-tilled or
deep-tilled plots.

The following future research studies are suggested for providing addi-
tional insight into the effects of routine applications of fertilizer
and herbicide upon the quality of groundwater and water in canals:

A.

To assess the amount of nutrient and pesticide movement under the
common (in Florida) grove drainage situation of surface and subsur-
face drainage by widely spaced ditches, samples should be collected
during peak periods from ground water draining from groves planted
on Spodosols and otherwise developed similarly to ST treatment
except with ditch spacing greater than the relatively narrower
drain spacing used in this study.

The effectiveness of removing nutrients and pesticides from drain-
age water by storage and recycling from reservoirs should be
assessed in a study conducted at the SWAP citrus grove.

To more precisely identify the source of nitrates found in the

drainage water and determine paths for movement of N in subsurface-
drained soil a study, using 15N03—N or similar tracer should
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be conducted.

Maximum discharges of nutrients and pesticides should continue to
be determined on a long-term basis, particularly for years when the
total rainfall exceeds the average. In the present long-term study
the total rainfall amounts were average or below.

To make best use of current data presented in this report, a mathe-
matical model should be developed to simulate two-dimensional trans-
port of water and agrichemicals (N03 N, NHy-N, P, K, and terbacil)
during non-steady water infiltration and dralnage of a fertilized
Spodosol resulting from irrigation or rainfall events. Such a

model should also describe interactions such as adsorption-desorp-
tion, chemical precipitation, fixation, denitrification, and nitri-
fication. Experimental measurements of water content and solute
concentration in soil surrounding a subsurface drain are also needed
to validate results from such a model. Concentrations of agrichemi-
cals in the dralnage water should be compared with concentratlon
distributions in the soil solution. -
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SECTION 1V

CONCENTRATION AND FLUX OF NO3-N AND POy-P IN SURFACE AND SUBSURFACE
DRAINAGE WATER FROM A FERTILIZED CITRUS GROVE

EXPERIMENTAL METHODS AND PROCEDURE

Field Procedures

A schematic diagram of the entire SWAP experimental field site is shown
in Figure 2. A single replicate each of the ST, DT, and DTL soil management
treatments were selected from the northwest corner of the site for the pur-
poses of performing research on EPA Grant #R800517. The primary soil type
in the selected area of study was Oldsmar sand, a member of the sandy sili-
ceous, hyperthermic family of Alfic Arsenic Haplaquods (Spodosol). The dark
spodic horizon ranged in depth from 86 to 107 cm with an average of 96 cm in
undisturbed profiles; this spodic horizon (many Spodosols do not have such
sandy clay material beneath the spodic horizon) was underlain by layers of
fine sandy clay. The Al, A2, and A292 horizons of acid sand had a total aver-
age depth of 82 cm and the organic content was 2.30% in the surface Aj-horizon
soil (Table 1) but decreased with depth. These sandy horizons are highly
permeable to water flow and are underlain by 10 to 20 cm of a nearly imper-
permeable (saturated hydraulic conductivity of 0.02 cm/hr) spodic layer con-
taining 3.56 percent organic matter (Table 1). The spodic layer is under-
lain mostly by sandy clay loam which like the spodic layer has a low satu-
rated hydraulic conductivity (0.12 cm/hr) and is thus also slowly permeable
to water flow.

Main plot treatments in the entire SWAP field experiment consisted of
three profile modifications. - Each plot (Fig. 3) contained 3 open-outlet
drains and 3 submerged-outlet drains and was approximately 1 ha in area (91.4
by 109.7 m). Treatments were replicated three times. Soil modification
treatments were as follows: (i) Shallow-Tilled (ST) to 15 cm depth and nor-
mal surface liming with dolomitic limestone (2.24 metric tons ha-l year~1);
(ii) Deep-Tilled (DT) to 105 cm depth by a trenching machine and with the
same liming as the ST treatment; and (iii) an initial application of 56
metric tons ha-! dolomitic limestone subsequently incorporated by deep-til-
lage (DTL) of the soil to a depth of 105 cm. All of the limestone contained
approximately 60% agricultural grade dolomite (40% coarse grade dolomite).
Surface drainage was provided in ST, DT, and DTL plots by establishing 38 cm
(height of bed crown above bottom of water furrow) high and 15.2 m wide
(measured from centers of water furrows) beds sparated by parallel water
furrows. Swale ditches established at each end of the water furrows and per-
pendicular to the furrows provided removal of surface drainage water from the
experimental plots. Two citrus rows 7.6 cm apart and with a spacing of 4.6 m
between trees in each row were established along the top of each bed. Sub-
surface drainage was provided by 10-cmcorrugatedplastic tubing placed at
an average depth of ]J07 cm and spaced 18.3 m apart. Surface drainage by
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Table 1. Selected physical and chemical properties of representative F

sampled from Oldsmar sand at the SWAP citrus grove near Fort

1

Soil Organic Cation Exchange Bulk
Profile Horizon Depth Sand Silt Clay Matter? Capacity? Density
(em) —=-===C fm=m————- (%) (me/100q) (gm/cm3)
ST A] 2-8 96.2 2.6 1.2 2.30 1.03 1.28
ST AZI 18-23 98.3 0.7 1.0 0.62 0.70 1.55
ST A, 50-56 97.9 1.0 1.1 0.09 0.49 1.64
ST B2h 86-91 88.6 3.3 8.1 3.56 1.18 1.75
ST 82] 107-112 88.1 0.4 11.5  0.26 4, 25 1.62
ST EZZtg 130-135 76.1 1.0 22.9 0.18 4. 32 1.68
ST Bygy, 188-195 - —m s e === 1.78
DT Mixed 0-50 =--- === 462 1.2] 1.57 1.61
DTL  Mixed 0-50 -m-- === L4-6%2 1 2] 3.32 1.61

'Data from Hammond, Carlisle and Rogers (1971).

?Data from Fiskell and Calvert (1975).
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raised, multiple-row beds and subsurface drainage by either tile drains or
open ditches are commonly recommended (Sites et al., 1964) for citrus growing
on flatwood and marsh soils of Florida. In general the water table in such
soils should not be allowed to rise closer than 60 cm from the soil surface.

In the DT and DTL treatments deep tillage removed soil material high in
colloidal (clay minerals and organic matter) content from the subsurface
spodic (B2h) and sandy clay horizons (B21 and B22tg) and mixed this material
with the sandy A], A21, and A22 horizons. Thus the DT and DTL soil profiles
contained higher contents of clay minerals and organic matter (Table 1) in
the top 50 cm than were present in the same depths of the ST soil profile.
In the surface soil the cation exchange capacity (Table 1) was higher for
DT (1.57 me/100g) than for ST (1.03 me/100g) and approximately twice as high
in DTL (3.32 me/100g) than in DT.

Three plots in the northwest corner of the SWAP citrus grove which rep-
resent each of the three soil treatments were chosen (Figure 2) as sites for
monitoring the water quality of surface and subsurface drainage waters. Only
the center drains with submerged outlets for each plot were monitored. Water
from both surface runoff (sampling sites 4, 5, and 6) and subsurface drains
(sampling site 1, 2 and 3) were sampled in each of these three plots. In
addition, water quality was monitored at three other locations (sampling
sites 7, 8 and 9) indicated in Figure 2. These locations were the Central
Sump, which collects water,outflows from all subsurface:drains, the South
Sump, which collects water from the large perimeter ditch which encompasses
the entire citrus grove, and a check or Control drain, respectively. A dia-
gram of an individual main plot in the Soil-Water-Atmosphere-Plant (SWAP)
project is shown in Figure 3. The surface drainage system consisted of
shallow water furrows (north-south direction) between two-row beds of citrus
trees perpendicular to the subsurface drains. Individual surface runoffs
from each main plot were fed through H-flumes and culvert inlets to the field
ditches to provide measurement of surface runoff from each block. A peri-
meter field ditch was constructed to encompass the entire SWAP experimental
area, and the Central Sump connects to the perimeter ditch by means of two
lateral service ditches which extend 122 m from the east and west sides of
the area (Figure 2). The perimeter ditch was constructed with a bottom
width of 1.2 m, a one-to-one side slope, and at an average depth of 1.6 m
below ground surface with a 0.02 percent grade. During periods of frequent
rainfall, this ditch carries the composite of both surface and subsurface
runoff to the collection sump (samplingsite 8) for pump discharge from the
area and serves during periods of infrequent rainfall as a reservoir for
irrigation water. The discharge pump located at the South Sump has a 26.5
m3 per minute capacity for rapid water removal from the perimeter ditch.

A Control plot with subsurface drains was established in August, 1973,
on land adjacent to the SWAP citrus grove (Figure 2; sampling site 9) and
was maintained in natural sod cover which was mowed occasionally. Three
subsurface drains each 100.6 m long were placed at 107 cm depth and spaced
18.3 m apart. This control plot was not planted to citrus, received no til-
lage, and received no application of agricultural chemicals. For ST, DT,
DTL, and Control plots, calibrated weirs located at the outflow of each cen-
ter drain were used to continuously monitor the volumetric discharge of
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water with time on a strip-chart recorder. One hundred ml samples of the
outflow water from the center drain of the Control plot were collected weekly
for both pesticide and nutrient analyses during times of flow and more fre-
quently during periods selected for intensive sampling. Since the Control
plot was not irrigated, sampling of this area was largely confined to periods
with significant rainfall. Water table wells established midway between the
drains in both treated (ST, DT and DTL) and untreated (Control) areas per-
mitted observation and strip-chart recording of the water table depth. For
ST, DT, and DTL plots (but not for the Control), surface runoff flumes were
also constructed. During periods of surface runoff the height of water dis-
charging through the flume was measured continuously with a strip-chart
recorder and water samples were also taken for nutrient and pesticide analy-
ses. A single bulk water sample was obtained from each location for each
runoff event. A small pump was operated at a constant flow rate during run-
off and this was collected in a 10-liter glass carboy.

The subsurface drains, shown in Figure 3, consisted of continuous lengths
of perforated corrugated plastic tubing (10 cm inside diameter) 91.4 m long
and spaced 18.3 m apart with a 0.17 percent slope (on each line). Each drain
was placed in the soil tv a depth of 107 cm below average ground surface at
the midpoint along the drain. The bottom half of each drain line was placed
on a 10 cm thick envelope of silica gravel and the top half was covered with
a 23 cm wide linear strip of polyethylene sheet used to prevent sediment from
entering the drain. Water from each drain discharged into a concrete manhole
where flow was measured with 12-inch, 30-degree, V-notch weirs and water-stage
recorders, and water samples were collected for later analyses (sampling site
7). Water from all of the 54 drains of the citrus grove is conveyed through
a 20.3 m diameter drain to the Central Sump where it is discharged by a pump
into the lateral and perimeter field ditch drainage system.

During periods of low rainfall and at the beginning of periods selected
for intensive monitoring of drainage water quality, irrigations were applied
uniformly to ST, DT and DTL plots with full circle, rotary, pop-up sprinklers
spaced 9.1 x 15.2 m with one sprinkler centrally located between every four
trees in the middle of the two row bed. The irrigation rate was 0.41 cm/hr
with a line pressure of 25 kg/cm2. The sprinkler nozzles were permanently
mounted flush with the ground surface and rose up 16.5 cm when discharging
under pressure. Since periodic extremes of low and high rainfall are experi-
énced on flatwood soils plantedto citrus, soil water management should (Sites
et. al., 1964) include a combination of drainage and sprinkler irrigation.

Fertilizer was applied as normally recommended for citrus growing on
flatwood soils. Four quarterly applications were made each year during 1973,
1974, and 1975 at a rate and ratio indicated in Table 2. Total annual quan-
tities of N and P applied were 169.52 and 18.48 kg/ha, respectively.

Precipitation, surface runoff, and subsurface drainage were continuously
measured during the three-year study period. Detailed hydrologic data during
the 3-year period are included in this report as supporting information for
short-term (intensive monitoring periods following applications of chemicals
and water) and long-term studies. Samples of drainage water for chemical
determination of NO3-N and POy-P were taken at weekly intervals during July,
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Table 2. Fertilizer N, P, K and Mg applied per hectare
to ST, DT and DTL treatments at the SWAP
citrus grove near Fort Pierce.

Quantity of Fertilizer Applied* (kg/ha)

Date N P K Mg

Year: 1973

March 6 42 .38 L. 62 35.18 6.36
May 15 L2 .38 L 62 35.18 6.36
August 21 42 .38 L.62 35.18 6.36
October 30 42 .38 L.62 35.18 6.36
Annual Total 169.52 18.548 140.72 25. 44
Year: 1974

March 14 42 .38 L.62 35.18 6.36
May 21 42 .38 L. 62 35.18 6.36
September 26 42.38 L.62 35.18 6.36
November 14 42 .38 4.62 35.18 6.36
Annual Total 169.52 18.548 140.72 25.4%
Year: 1975

March 10 42 .38 L. 62 35.18 6.36
June 10 42,38 L .62 35.18 6.36
September 5 42.38 L. 62 35.18 6.36
November 4 42 .38 L 62 35.18 6.36
Annual Total 169.72 18.548 140,72 25.4%
Total Application 508.56 55.44 422.16 76.32

*Each application was 530 kg/ha of an 8-2-3-2 commercial
fertilizer (8% N, 2% P205, 8% Kp0 and 2% Mg0) which con-
tained ammonium nitrate, diammonium phosphate, potassium
chloride and magnesium oxide.

1973 until January, 1976, during periods of flow from the South and Central
sumps and from the unfertilized Control plot were taken concurrently to mon-
itor the NO3-N and POy-P leaching losses from these sources. Additionally,
five intensively - sampled periods were employed in conjunction with irriga-
tions scheduled immediately following grove fertilization. The average
length of these periods was 14 days. These intensively sampled periods of
water quality study were conducted in March of 1973, May of 1974, February
of 1975, March of 1975, and June of 1975.

Water samples were collected with 1SCO Model 1391 samplers from subsur-

face drains and from the Control plot. During the first five days of inten-
sively sampled periods, sampling intervals as small as 2 hours were chosen
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for the collection of samples. Samples for routine monthly assessment of
nutrient levels were collected manually from the drains usually on a weekly
basis. However, even during these long-term studies, samples were taken at
daily or biweekly intervals during periods immediately following fertiliza-
tions and during peak flow periods initiated either by rainfall or by irri-
gation.

Laboratory Procedures

After collection, samples were divided and frozen for later delivery to
the University of Florida Pesticide Research Laboratory in Gainesville for
pesticide analyses. Samples to be analyzed for NO3-N and PO4-P concentra-
tions were usually analyzed soon after collection in the field; however,
immediate analysis was not always possible. |In that case, three drops of
chloroform were added to each 100 ml sample as a preservative and the samples
were then frozen and stored in a freezer.

NO3-N and PO4-P analyses were performed with a Technicon Autoanalyzer ||
system using two single-channel colorimeters with a recorder. Nitrates were
determined using the cadmium reduction procedure (Technicon Industrial Meth-
od No. 100-70W). Ortho-phosphate was determined using the ascorbic acid pro-
cedure (Technicon Industrial Method No. 94-70W).

Monthly means of water flow and nutrient movement were calculated to
determine the long-term trends. While actual data points were shown for the
intensive studies, total discharges for water and nutrients were determined
graphically by measuring the area beneath each curve of discharge flux.

RESULTS AND DISCUSSION

Long Term Investigation

Rainfall was recorded daily at the SWAP citrus grove near Fort Pierce,
Florida for 1973 (Table 3), 1974 (Table 4), and 1975 (Table 5). Total rain-
fall amounts for 1973, 1974, and 1975 were 134.6, 124.9, and 116.4 cm. Total
irrigation amounts were 20.6, 38.7, and 29.7 cm for 1973, 1974, and 1975,
respectively (Table 6). Thus the total quantities of irrigation plus rain-
fall were 155.2, 163.5 and 146.0 cm for 1973, 1974, and 1975, respectively.
The six-month periods from May through October was consistently character=-
ized by disproportionately large amounts of rainfall. The total rainfall
occurring during these six-month periods represented 79, 82, and 74% of the
total rainfall occurring during 1973, 1974, and 1975. Distributions of daily
rainfall, however, were very nonuniform for each of the years.

Mean monthly discharges of water, NO3-N, and PO4-P with subsurface drain-
age from ST, DT, and DTL plots are presented in Tables 6-8 and are plotted
with time in Figs. 4, 5, and 6 for 1973, 1974, and 1975. Monthly water dis-
charged from the ST treatment was consistently larger than from the deep-
tilled plots. During 1973 monthly water discharged from the DT treatment
was considerably larger than from DTL; however, during 1974 and 1975, sub-
surface drainage from the DT plot was only slightly greater than from DTL.
The decreased water discharged from the deep-tillage treatments relative
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Table 3.

Rainfall recorded daily at the SWAP citrus crove near Fort Pierce, Florida

during 1973.
Date
Jan, Feb. Mar, Apr. May June July Aug. Sept. Oct. Nov. Dec.
1973 Rainfall (cm)
1 0.05 0.23 0.97
2 0.58 0.08 1.80
3 0.8 0.10 1.55
L 1.57 2.67 0.05 0.69
5 0.76 3.61 0.6k 0.03
6 0.61  1.17 0.23
7 4,57 0.03
8 3.43 0.7 0.23 1.93 1.17
9 2.29 1.91 2.46 1.73 0.61 1.24
10 0.38 0.h43 0.10 0.84 0.03 1.78 0.38
11 1.83 2.4 0.03 0.1
12 0.4kl 0.10 0.15
13 0.03 1.73 0.08 0.05
1L 0.03 0.10 2.41
15 0.15 0.81 L.2ok 0.51
16 1.98
17 0.33 1.65 0.56 1.0L4
18 0.66 1.57 2.03 0.71
19 0.08 2.62 1.07 L4.85 0.13
20 0.05 0.86 0.69 4.65
21 0.38 1.27 1.52 0.33 0.61
22 1.1k 0.30 1.52 2.06 1.60
23 1.19 1.0k 1.0k 3.99 0.10
24 1.07 0.86 0.30 1.27 0.9
25 2.72 5.26 2.5 0.66
2% 0.48 0.20
27 0.74 1.40 1.09
28 0.64 3.18 0.05 0.08 0.28
29 0.79 1.91 0.28 0.13
30 1.85 1.78
31 0.51
TOTAL 7.40 5.11 5.39 4L.,75 13.70 16.80 18.55 23.93 13.20 20.31 1.9

3.54
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Table 4. Rainfall recorded daily at the SWAP citrus grove near Fort Pierce, Florida

during 1974.
Date
Jan, Feb. Mar. Apr. May June July  Aug. Sept. Oct. Nov. Dec.
1976 Rainfall (cm)
1 0.36 0.l6 0.28 0.64
2 1.91 0.64 3.51 0.56 0.94 0.30
3 2.03 0.89 0.03 3.48
N 0.56 0.13
5 0.25 1.91 0.56 3.56 2.06
6 0.38 1.63 0.97 1.0
7 0.10 0.05 k.39
8 0.03 3.07 0.08 0.10
9 0.08 0.79
10 3.81
11 1.57 0.28 0.3
12 1.91
13 1.1k 1.47
1 5.5 0.38 0.56 0.13
15 0.13 2.03 5.59 2,72
16 0.89 6.91 0.91 1.68
17 1.47 0.10 2.7h
18 0.91 0.79 0.23
19 0.89 0.13
20 0.51 0.51 2.18
21
22 0.15 0.20
23 2.16 1.65 0.81
2l 1.40 1.57 0.20
25 0.20 9.78 0.20 0.18
26 2.03 0.28 2.3
o7 2.36 0.28 1.32 1.04
28 0.36
29 0.46 L. 3k
30 1.57 3.40
3l 0.08 0.38
TOTAL 6.02 1.50 2.77 5.59 10.27 34.07 22.37 1h.3% 11.70 B.9%6 2.53 &.73
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Table 5. Rainfall recorded daily at the SWAP citrus grove near Fort Pierce, Florida
during 1975.

Date

Jan. Feb. Mar, Apr. May June July Aug. Sept. Oct. Nov. Dec.
5 Rainfa cm

1 0.6k 0.05 0.51

2 1.02 1.52 1.40 1.09

3 0.15 0.23 0.10. 0.76

L 0.38 0.25 0.30

5 0.20 1.27 1.1k 0.89

[ 0.9% 0.89 0.15 0.23

7 3.00 0.6k 0.10 0.28

8 0.13 1.02 1.02

9 0.38 0.89 o0.6L 0.38 0.6l 3.56 0.33

10 0.7k 0.51 2.03 0.7k

11 0.7k 1.40 0.51 0.38 0.25 1.37 0.05

12

13 0.10 1.40 2.67 0.05 0.89

14 0.66 0.20 1.80 1.65 0.03 0.13 0.43

15 0.05 0.25 0.05 0.33 0.13 0.15

16 2.4 4.83 0.13 0.05

17 1.40 0.15 0.05

18 0.6k 0.89 3.18 1.52

19 2.29 0.6k 2.41 0.13  0.64 0.51

20 0.25 0.30 0.25 L.85

21 2.79 0.05 0.13 0.91

22 1.27

23 4.38 0.15 1.35 0.33

2k 1.80

25 0.43 0.13

26 1.40 0.43 0.20

27 0.13 1.02

28 2.34 1.78 0.76 3.56

29 9.40 2.03 0.58  0.38 1.52 0.05

30 0.76 1.65

31 0.25 0.05
TOTAL 1.21 9.97 k.20 L4.09 26.31 11.45 9.80 8.18 2auL.77 5.63 T7.67 3.09



Table 6. Mean monthly concentrations and total discharges of NO3-N and PO4-P per hectare
in subsurface drainage water in the ST soil management treatment during 1973-
1975 as a function of rainfall, total drainage, and water table height.

Water ¥ Water
Year Month Rain Irrigation Table Helght flow NO3-N POy-P NO3-N POy-P
{em) (em} m) (m3/ha) (Kg/ha) (Kg/ha) ({ug/mi) (ug/ml)
1973 Jan 7.40 1.42 5.30 420.70 2.610 a 6.20 a
Feb 5.11 0 5.30 362.80 .580 a 1.60 a
March  5.39 3.39 5.27 253.90 .520 a 2,05 a
April 4.75 3.62 5.27 159.20 .550 a 3.45 a
May 13.70 3.47 5.30 365.40 1.750 .066 4.80 .18
June  16.80 0 5.39 995. 40 9,660 438 9.70 R
July 18.55 1.48 5.43 1034.26 6.250 486 6.30 47
Aug 23.93 3.99 5.58 2147.57 4.158 .981 1.94% RT3
Sept 13.20 0 5.46 1093.32 3.354 .869 3.07 .80
Oct 20.31 0 5.46 1376.43 1.998 . 881 1.45 .64
Nov 1.96 1.56 5.27 95.59 .040 .09 RV .20
Dec 3.54 1.65 5.21 26.70 .on -005 b2 .20
Total 134.64 20.58 5.35 8331.30 31.751 3.745 3.81 K13
1974 Jan 6.02 1.63 5.30 371.74 .283 .on .76 .03
Feb 1.50 3.39 5.21 0.49 .00t .000 1.94 .35
March 2.77 18.10 5.33 1115.79 14.257 .367 12.78 .32
April 5.59 1.99 5.18 0.34 .001 .000 4,38 .06
May 10.27 9.73 5.30 882.45 7.165 .215 8.12 .25
June 34.07 0 5.49 2093.68 15.601 .776 7.45 .37
July 22.37 0 5.49 1658.14 4,306 619 2.60 .37
Aug 14,34 0 5.39 834.61 .572 .588 .68 .70
Sept 11.70 0 5.30 337.86 .05} .18 Lk .48
Oct 9.96 1.97 5.3% 930.48 3.989 .310 4.29 .33
Nov 2.53 1.85 5.21 2.69 .002 .001 .70 .21
Dec 4.73 0 5.27 203.1} 1.989 .071% 9.79 35
Total 124.85 38.66 5.32 8470.38  48.217 3.132 5.69 37
1975 Jan 1.21 1.8 5.21 0.13 . 000 .000 .06 .25
Feb 9.97 5.92 5.38 825.52 4. 194 .133 5.08 .16
March  4.20 2.44 5.32 391.63 .901 .063 2.30 .15
April 4.09 5.57 5.28 169.86 .806 .022 4.75 .13
May 26.31 1.93 5.1 1536.24 5.711 . 362 3.72 .24
June 11.45 3.89 5.40 807.54 4.962 .222 6.14 .27
July 9.80 1.69 5.28 328.26 2.187 .100 6.66 .30
Aug 8.18 1. 14 5.27 178.68 .702 .081 3.93 .29
Sept 24.77 0 5.43 1299.06 16.991 .830 13.08 .64
Oct 5.63 1.67 5.34 577.74 7.7% L5166 13.49 .89
Nov 7.67 1.79 5.27 282.68 1.160 161 4.13 .56
Dec 3.09 1.81 5.26 41.20 246 .04 5.96 .33
Total 116.37 29.66 5.32 6438.54  45.653 2.467 7.09 .38

aPOh-P was not determined on these samples,

%The elevation of the soil surface was 6.40 m above mean sea level.
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Table 7. Mean monthly concentrations and total discharges of NO3-N and PO4-P per hectare
in subsurface drainage water in the DT soil management treatment during 1973-
1975 as a function of rainfall, total drainage, and mean water table height.

Water¥ Water
Year Month Rain Irrigation Table Height Flow NO3-N POy-P NO3-N POy -~P
“(em) Tem) (D] (m3/ha)  (Kg/ha] (Kg/ha) Tug/mi]  Tug/mT}
1973 Jan 7.40 1.42 5.43 331.0 1.026 a 3.10 a
feb 5.1 0 5.39 270.4 0.314 a 1.16 a
March 5.39 3.39 5.30 102.4 0.133 a 1.30 a
April 4,75 3.62 5.24 75.4 0.139 a 1.84 a
May 13.70 3.47 5.27 221.6 0.525 0.018 2.37 0.07
June 16.80 0 5.55 805.9 4.191 b 5.20 b
July 18.55 1.48 5.58 804.0 2.565 b 3.1% b
Aug 23.93 3.99 5.76 1576.2 1.245 0.259 0.79 0.16
Sept 13.20 0 5.64 749.8 0.101 0.174 0.13 0.23
Oct 20.31 0 5.67 811.2 0.093 0.218 0.11 0.27
Nov 1.96 1.56 5.36 162.9 0.030 0.008 0.18 0.05
Dec 3.54 1.65 5.24 30.9 0.004 0.018 0.12 0.06
Total 134.64 20.58 5.45 5849.8 10.364 0.679 1.77 0.1
1974 Jan 6.02 1.63 5.36 194.37 0.126 0.011 0.65 0.05
Feb 1.50 3.39 5.21 14, 44 0.005 0.003 0.32 0.20
March 2.77 18.10 5.52 589.43 0.655 0.075 1.11 0.13
April 5.59 1.99 5.27 58.43 0.014 0.008 0.24 0.14
May 10.27  9.73 5.43 357.98 0.543  0.023 1.52 0.06
June 34.07 ¥ 5.67 871.21 0.858 0.091 0.99 0.10
July 22.37 0 5.82 1259.00 1.146 0.113 0.91 0.09
Aug 14,34 0 5.70 502.52 0.121 0.201 0.24 0.40
Sept 11.70 0 5.42 147.28 0.026 0.029 0.18 0.20
Oct 8.96 1.97 5.55 364.73 0.242 0.1% 0.66 0.39
Nov 2.53 1.85 5.24 18.16 0.001 0.007 0.05 0.38
Dec 4.73 0 5.33 5.84 0.001 0.002 0.09 0.42
Total 124.85 38.66 5.46 4383, 42 3.737 0.705 0.83 0.16
1975 Jan 1.21 1.8 5.17 0.00 0.000 0.000 0.00 0.00
Feb 9.97 5.92 5.37 6h.29 0.000 0.001 0.01 0.01
March 4.20 2. 44 5.45 182.51 0.0l 0.000 0.06 0.00
April 4,09  5.57 5.35 130.26  0.016  0.000  0.12 0.00
May 26,31 1.93 5.50 45k .68 0.064 0.000 0.14 0.00
June 11.45 3.89 5.60 531.96 0.084 0.000 0.16 0.00
July 9.80 1.69 5.36 198.42 0.028 0.000 0.14 0.00
Aug 8.18 1.14 5.26 102.73 0.012 0.000 0.14 0.00
Sept 24.77 0 5.50 433.32 0.076 0.000 0.18 0.00
Oct 5.63 1.67 5.52 340,38 0.035 0.010 0.10 0.03
Nov 7.67 1.79 5.37 148.08 0.010 0.004 0.07 0.03
Dec 3.09 1.81 5.31 59.46 0.021 0.000 0.35 0.00
Total 116.37 28.66 5.40 2646.09 0.358 0.015 0.14 0.01

dPOL,—P was not determined on these samples.
bThese discharge values were less than 0.01 kg of N03-M

*The elevation of the soil surface was 6.28 m above mean sea level,
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Table 8. Mean monthly concentrations and total discharges of NO3-N and POy-P per hectare
in subsurface drainage water in the DTL soi) management treatment during 1973-
1975 as a function of rainfall, total drainage, and mean water table height.

. Water™ Water
Year Month  Rain Irrigation Table Height Flow NOz-N NOy-P NO2-N NO4-P
{em) {cm) (m) {m3/ha) ~ (kg/ha) (kg/ha) (ng/mi} {ng/mi)
1973 Jan 7.40 1.42 5.58 133.23 0.510 a 3.80 a
Feb 5.1 0 5.58 1494 0.210 a 1.80 a
March 5.39 3.39 5.46 42.69 0.080 a 1.90 a
April 4.75 3.62 5.43 30.54 0.070 a 2.45 a
May 13.70 3.47 5.43 83.17 0.250 0.005 3.00 0.06
June 16.80 0 5.64 44418 4.490 b 10.10 b
July 18.55 1.48 5.70 221.25 0.890 b 4.00 b
Aug 23.93 3.99 5.97 780.97 1.248 0.124 1.60 0.16
Sept 13.20 0 5.85 564.07 0.155 0.108 0.27 0.19
Oct 20.31 0 5.88 519.18 0.050 0.091 0.10 0.18
Nov 1.96 1.56 5.55 33.57 0.165 0.005 0.49 0.14
Dec 3.54 1.65 5.36 07 0.000 0.000 0.49 0.4
Total 134.64 20.58 5.62 2968.66 7.970 0.332 2.68 0.13
1974 Jan 6.02 1.63 5.46 93.14 0.084 0.009 0.90 0.10
Feb 1.50 3.39 5.33 0.07 0.000 0.000 1.69 0.29
March 2.77 18.10 5.67 501.02 5.139 0.111 10.26 0.22
April 5.59 1.99 5.39 0.16 0.000 0.000 2.10 0.14
May 10.27 9.73 S.49 280.04 3.329 0.021 11.89 0.08
June 34.07 [ 5.82 809.79 3.4 0.122 4.21 0.15
July 22.37 0 5.97 652.81 0.905 0.252 1.39 0.39
Aug 14.34 0 5.82 296.94 0.123 0.146 0.4 0.49
Sept 11.70 0 5.55 75.35 0.015 0.017 0.20 0.23
Oct 8.96 1.97 5.67 338.74 0.330 0.177 0.97 0.52
Nov 2.53 1.85 5.38 0.02 0.000 0.000 0.18 0.22
Dec 4.73 0 5.43 12.50 0.003 0.006 0.23 0.50
Total 124.85 38.66 5.58 3060.58 13.339 0.862 4.36 0.28
1975 Jan 1.21 1.81 5.29 0.00 0.000 0.000 0.00 0.00
Feb 9.97 5.92 5.46 233.64 0.149 0.003 0.64 0.02
March 4.20 2.44 5.56 105.29 0.094 0.000 0.89 0.00
April 4.09 5.57 5.45 26.47 0.003 0.000 0.12 0.00
May 26.31 1.93 5.58 426,10 0.971 0.000 2.28 0.00
June 11.45 3.89 5.76 371.31 0.316 0.000 0.85 0.00
July 9.80 1.69 5.49 80.05 0.082 0.000 1.02 0.00
Aug 8.18 1,14 5.38 12.12 0.015 0.000 0.12 0.00
Sept 24,77 0 5.65 372.68 1.229  0.014  3.30 0.04
Qct 5.63 1.67 5.72 219.53 0.669 0.019 3.05 0.09
Nov 7.67 1.79 5.53 83.70 0.120 0.007 1.43 0.09
Dec 3.09 1.81 5.45 12.03 0.013 0.00! 1.06 0.09
Total 116.37 29.66 5.53 1942.92 3.646 0.044 1.88 0.02

aP04-P was not determined on these samples
bThese POy-P concentrations were less than 0.04 pg/ml,

*The elevation of the soil surface was 6.40 m above mean sea level
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to the ST plot was observed earlier by Stewart and Alberts (1971) and can

be exnlained primarily by two phenomena: a decrease in the hydraulic con-
ductivity (Hammond et al., 1971) of the soil (0-85 cm depth) occurred due

to mixing of subsoilspodic and sandy clay horizons with the sandy surface

(A} and Ay horizons) soil and a partial ''clogging'' of the flow medium in

the immediate vicinity of DT and DTL drains was observed (Rogers, 1971 and
Rogers and Stewart, 1974). Using an electrical analog, Rogers (1971) showed
that if '""clogging' had not have occurred drainage flows from DT and DTL

nlots should have exceeded that for ST due to the greater effective volume
of soil drained. The ''clogging' of DT and DTL drains has been partially
attributed to the deposition of suspended and dissolved colloidal organic
matter in the porous material immediately surrounding the drain tubes fol-
lowing the deep tillage operation. Fiskell et al. (1970) have shown exper-
imentally that under conditions of low soluble salts organic matter can be
partially dissolved and move with soil water for Oldsmar fine sand. By
increasing the level of soluble salts either in the soil or in the infiltra-
ting water mobility of the organic material could be suppressed by preventing
flocculation of the negatively charged colloids. The mechanical action of
the deep tillage operation in conjunction with heavy rainfall which occurred
soon afterwards probably resulted in the transport of suspended and dissolved
organic material with water toward the drain tubes where deposition and/or
filtering occurred. Activity of soil microorganisms is also another possible
contribution to the '"clogging'' effect of the drains. The overall effects of
the decreased drainage flow in the deep-tilled plots relative to the shallow-
tilled plot were decreased infiltration rates which increased the probability
for surface runoff during intense rainfall and decreased time-response for
removal of excess water from the root zone of the soil following a large rain-
fall event. The slower drainage response in DT and DTL plots also tended

to provide higher soil water contents at a given time than in the ST plot.
Hammond et al. (1971) also found that the water-holding capacity of the
deep-tilled soils were slightly higher than for the shallow-tilled soil.

Periods of greatest monthly discharges of water, NO3-N and POy-P in sub-
surface drains from ST, DT, and DTL plots (Figs. 4, 5, and 6) were generally
associated with periods of greatest monthly rainfall (Tables 6, 7, and 8). pjs-
charge of water, NO3-N, and PO4-P occurred during March and May through October
for 1973, during March and May through October for 1974, and February, May-
July, and September-October for 1975. In all cases discharge of water and
nutrients was much higher from ST than from either DT or DTL plots. The
greater water flows through the ST soil and out into the drain tubes
resulted in much greater losses of NO3-N and POL4-P with subsurface drain-
age than for DT and DTL treatments. Mean monthly discharge of both NO3-N
and POy-P with drainage water occurred in the order: ST > DTL > DT. Although
the water flow in DT drains usually exceeded that from DTL, discharge of
NO3-N with drainage was frequently greater from the DTL plot. Discharge of
PO4-P in drainage was usually similar for DT and DTL plots. Total quantities
of NO3-N discharged with subsurface drainage during 1973, 1974, and 1975
were 31.75, 48.22, and 45.77 kg/ha for the ST plot (Table 6); 7.97, 13.34,
and 3.65 kg/ha for DTL (Table 8); and 10.36, 3.74, and 0.36 kg/ha for DT

(Table 7).

29



Discharge of PO4-P with subsurface drainage was always several-fold less
than NO3-N discharge for all three soil management treatments. Total amounts
of POj-P discharged in subsurface drainage during 1973, 1974, and 1975 were
3.75, 3.14, and 2.47 kg/ha for the ST plot; 0.33, 0.86, and 0.04 kg/ha for
DTL; and 0.68, 0.70, and 0.01 kg/ha for DT (Tables 6, 7, and 8). The total
quantity of N applied each year was 9.2 times larger than that for P. The
ratios of the quantities of NO3-N actually discharged with drainage to the
quantities of PO4-P discharged varied considerably from 9.2. During 1973-
1975 the ratio of NO3-N to POy-P increased from 8.5 to 18.5 for the ST plot.
During the same period this same ratio also decreased from 13.7 to 3.8 for
the DT plot, and decreased from 18.6 to 15.2 for DTL. Although many fac-
tors affect this ratio, an increase in the ratio possibly indicates an
increase in NO.-N discharge with a corresponding discharge of PO4-P.
Detailed interpretation of these changes in the ratios of NO3-N and PO4-P
discharges is not attempted at this time.

Monthly discharge amounts of NO3-N and POy-P in drainage from ST, DT,
and DTL plots is presented in Table 9 for six wet months (May-October) and
in Table 10 for six dry months (Movember-April) for the period 1973-1975.
These data are in agreement with the findings of Calvert and Phung (1971)
who observed that NO,-N loss with drainage water was much greater during
periods of high rain?all and thus high drainage discharge. Later Calvert
(1975) concluded that maximum discharge as well as concentration of ferti-
lizer nutrients was greatly dependent upon rainfall plus irrigation amounts
and upon timing of fertilizer applications with respect to the average rain-
fall distribution.

The highest mean monthly concentrations of NO3-N in drainage from the
ST plot were found for the ST drainage during the wet seasons for these
three years. Subsurface drainage water from the DTL plot actually developed
higher NO3-N concentrations during 1973 and 1974 wet seasons than did water
from the ST drain. This result may be attributed to a greater nitrification
rate in DTL than in ST and DT soil treatments (Phung, 1972). Only in the
wet 1974 year was concentration of NO3-N from DTL higher than from the ST
drain during the dry season. The NO3-N concentration in ST drain water in
the dry months within the three years ranged from 0.39 to 6.2 ug/ml. The
unusually high discharge of NO3-N from ST that occurred in the wet season
of 1975 is believed to have been influenced by two major rainfall events
which occurred in May and September. The rainfall distribution in 1975 was
such that 26% of the annual rainfall (116.4) occurred during the dry six-
month period as compared to only 21% (134.6 cm annual rainfall) and 19%
(124.9 cm rainfall) during 1973 and 1974, respectively. Discharge of P0y-P
was considerably less than discharge of N03-N,1but more POL-P. was leached from
the ST soil profile relative to DT and DTL and discharged from the drain
during each of the three years of the study. DT and DTL drains usually
discharged disimilar amounts of NO3-N, but similar amounts of POy-P into
the drain water.

Maximum discharge of POy-P occurred from the ST drain during the high
rainfall months of 1973 and 1974 (Figs. 9 and 10). Substantial discharges
of POL-P occurred from DT and DTL plots only in the rainy periods of 1973
and 1974, but virtually no discharge of POy-P occurred from these plots
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Table 9. Six-month means for NO3-N and POy-P concentrations and discharge in sub-
surface drainage from 5T, DT, and DTL soil management treatments as in=-
fluenced by rainfall and total drainage. Data for six-month wet periods
(May through October) are presented for 1973-1975.

Total
Soil . Chemical Concentration Chemical

Year Rainfall Chemical Treatment Drainage” Mean Range Discharged
(cm) (cm) (ug/m1)  (ng/mi) (ha)
1973 106.49 N03-N ST 70.12 3.87 1.45-9.70 27.17
! DT 49.68 1.76 0.11-5.20 8.72
" DTL 26.13 2.71 0.10-10.10 7.08
POy ~P ST 70.12 0.53 0.18-0.80 3.72
" DT 49,68 0.13 0.00-0.27 0.67
n DTL 26.13 0.12 0.00-0.19 0.33
1974 101.71 NO}'N ST 67.37 .70 0.14-8.12 31.68
! DT 35.03 0.84 0.18-1.52 2.94
" DTL 24,54 3.31 0.20-11.89 8.11
POy-P ST 67.37 0.40 0.25-0.70 2.69
" DT 35.03 0.16 0,06-0.40 0.58
" DTL 24,54 0.30 0,08-0.49 0.74
1975 86.14 NOﬁ-N ST 47.28 8.11 3.72-13.49 38.35
! DT 20.61 0.14 0.10-0.18 0.30
" DTL 14.82 2.21 0.12-3.30 3.28
POL-P ST 17.28 0.44  0.24-0.89 2,08
H DT 20.61 0.00 0.00-0.03 0.01
" DTL 14.82 0.02 0.00-0.09 3.03

“One cm of drainage is equivalent to 100 M*/ha.
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Table 10. Six-month means for NOz=N and POy-P concentrations and discharge in sub-
surface drainage from gT DT, and DTL soil management treatments as in-
fluenced by rainfall and tota] drainage. Data for six-month dry periods
November through April) are presented for 1973-1975.

Total
Soil Chemical Concentration Chemical

Year Rainfall Chemical Treatment Drainage” Mean Range Discharged
(cm) (cm) (Hg/m1) (rg/mT) (ha)
1973 28.15 NO‘?‘—N ST 13.19 3.28  0.42-6.20 L.33
DT 9.73 1.69 0.12-3.10 1.65
" DTL 3.55 2.92  0.49-3.80 1.04
POy-P ST 13.19 0.52 0.47-0.57 0.07
" DT 9.73 0.12 0.08-0.16 0.02
" DTL 3.55 0.17 0.16-0.18 0,01
1974 23.14 NOﬁ-N ST 16.94 9.76 0.70-12.78 16.53
DT 8.81 0.91 0.05-1,11 0.80
" DTL 6.07 8.61 0.18-10.26 5.23
POy-P ST 16.94 0.26 0.03-0.35 0.45
" DT 8.81 0.12 0.05-0.42 0.11
" DTL 6.07 0.21 0.10-0.50 0.13
1975 30.23 N03-N ST 17.11 L.30 0.06-5.96 7-31
! DT 5.85 0.10 0.01-0.35 0.06
" DTL L.61 0.82  0.12-1.43 0.38
POy-P ST 17.11 0.23 0.13-0.56 0.39
i DT 5.85 0.01 0.00-0.03 0.01
n DTL 4,61 0.02 0.00-0.09 0.01

"One cm of drainage is equivalent to 100 M3/ha.
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during 1975, even in the rainy period. Discharges from DT and DTL in the
rainy period of 1975 amounted to less.than 0.2 kg/ha/mo of PO4-P. That
amount of POL-P was considered to be negligible. Monthly maximum discharges
of PO4-P in drainage from ST were 1.0, 0.8 and 0.8 kg/ha, respectively, in
1973, 1974 and 1975. These maxima occurred in August 1973, June 1974, and
September 1975, respectively.

Surface runoff was recorded for each major rain event from September
1973 through December 1975. Surface runoff was largely limited to the DT
and DTL plots (Table 11) since the ST plot had an ultimate infiltration
rate (see saturated hydraulic conductivity values in Table 1) sufficient
to preclude the occurrence of runoff from the surface. Runoff was detected
from the ST plot (Table 11) only during extemely high intensity rains. The
maximum runoff values for the three years were 0.11, 6.27 and 4.69 cm for
ST, DT and DTL plots and occurred in June, 1974, after 34 cm of rainfall.
Only 1.7 g of NO3-N was detected in the total runoff water from ST at this
time in contrast to 138 g and 103 g of NC3~-N in the runoff from DT and DTL,
respectively (Table 11). Maximum mean concentrations of NO3-N in composite
samples of surface runoff were 3.4 pg/ml for ST in September 1973; 12.4 ug/
ml for DT and 12.6 ug/ml for DTL in March 1975. Total discharge of NO3-N
however, was negligible during these times because of very small total flows
of water. During 1975, rainfall was low during the normally rainy summer
months, and the largest runoff was associated with intensive rainfall events
(26.31 cm) in May. Runoff from ST was negligible (0.16 cm) during May and
was considerably higher from DT (3.66 cm) and DTL (4.37 cm) (Table 11).

Surface losses of NO3-N and POy-P usually were less than 1% of that
applied as fertilizer except in 1974 the PO4-P loss from the DT and DTL
drains amounted to 2.0% and 1.7%, respectively. Loss of NO3-N from the
control line was low except in 1975 when an amount of NO3-N approximating
7.3% of the N applied to the fertilized plots in SWAP was discharged from
the unfertilized Control line. Also, the unfertilized Control line dis-
charged sizeable quantities of POL-P in 1973 and 1974 which were equivalent
to a fertilized plot loss of 4.4 and 5.2%, respectively.

Water quality data obtained in the 3-year study from sampling locations
7, 8 and 9 (Figure 2) at the Central Sump, South Sump, and Control drain,
respectively are presented in Table 12. Months having peak water flows
from the unfertilized Control plot coincided with peak flows from the Cen-
tral and South Sumps. Maximum concentrations of NO3-N in drainage from the
Control plot (Table 11) were generally small. During 1973 concentrations of
NO3-N in water from the Control plot were much lower than in drainage from
ST, DT and DTL. In 1974 the NO3-N concentration for the Control was lower
than for ST and DTL, but greater than for DT. However, during 1975 NO3-N
concentrations for the Control were much higher than NO3-N concentrations
for both DT and DTL. The reason for the higher NO3-N concentrations in the
drainage from the Control during 1975 is not immediately clear, but presum-
ably some nitrification occurred. Since the Control plot was not fertilized,
assay of control drainage water provides a check on the amount of NO3-N pro-
duced by natural means such as nitrification of organic matter and nitrate
fixation during electrical activity from thunderstorms.
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Tabie 11. Mean monthly concentrations and
water from surface tilled (ST),

soil management treatments as a

total discharges of NO;-N and POy-P in surface runoff
deep tilled (DT) and déep tilled plus limestone (DTL)
function of rainfall during -1973, 1974,

8¢

and 1975.

. Surface Tilled _ Deep Tilled Deep Tilled Lim;d e

Rain Water NOx=N =P NOg-N -p Wdter NO;-N <P NO,-N -P  Water NO3-N -P  NOa- -
tonth fall Runoff cOge. (;omkc mogc gio&c. Runoff Cofc. gg‘r:c. Dilc. I;Pglu.c. Runoff COEc. gg’r‘lc. Di%c. Disc

-Cci- mn3/ha ----- POR--===  «oc-ca [ m3/ha pom: " n3/ha  ~-e-- pPpli=====  e=ee== g====-=
1973
Sept 13.20 3.97 3.40 0.30 13.50 1.19 108,21 1.53 0.30 165.56 32.46 203.80 h.5h 0.36 925.25 73.37
Oct 20.31 2.80 1.00 0.20 2,80 0.56 357.1k 0.4k 0.20 157.14 T71.43 287.52 . 0.80 0.30 230.02 B86.26
ilov 1.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dec 3.54 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0.00
1974
Jan 6.02 0.25 0.00  0.00 0.00 0.00 6.12 0.00 0.00 0.00 0.00 10.17 0.00 0.00 0.00 0.00
Feb 1.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
rar 2.77 0.00 0.00 0.00 0.00 0.00 98.38 L.06 0.59 399.42 58.04 119.13 3.56 0.60 424,10 71.L48
Apr 5.59 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 nsnf nsaf 0.00 0.00
Mey 10.27 3.48 0.30 0.10 1.0t  0.35 20.96 3.72 0.7k 77.97 15.51 55.36 3.76 0.44 208.15 2L.36
June 3k.07 10.67 0.16 0.22 1.1  2.35 626.67 0.22 0.37 137.87 231.87 469.08 0.22 0.31 103.20 145.41
July 22.37 0.57 0,00 0.67 0.00 0,38 137.67 0.6 0.31 63.33 L2.68 128.48 0.61 0.23 78.37 29.55
Aug 14,34 0.67 0.00 0.45 0.00 0.30 23.20 0.06 0.41 1.39 9.51 43,13 0.0k 0.76 1.73 32.78
Sept 11.70 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32 1.08 0.00 0.00
Oct 8.96 1.62 0.30 0.07 0.49 o.11 54.55 0.15 0.27 8.18 1hL.73 62.06 0.11 0.28 6.83 17.38
ov 2.53 0.00 0.00  0.00 0.00 0.00 0.00 nsnf 0.00 0.00 0.00 0.00 .0.00 0.00 0.00 0.00
Dec 4.73 0.00 0.00 0.00 0.00 0.00 0.15 nsnf® nsnf 0.00 0.00 1.3k bmdl bmdl bmdl  bmdl
1975
Jan 1.21 0.00 0.00. 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00
Feb 9.97 1.85 md1®  bmdl bmdl  bmdl 28.90 mdl  bmdl btdl  bmdl 74.36  bmdl  bmdl bmdl bmdl
Mar k.20 0.07 nsnf nsnf nsnf nsnf 0.97 12.40 0.25 12,03 0.2h 1.66 12.60 0.25 20.92 0.k2
Apr 4.09 0.03 nanf nsnf nsnf nsnf 0.06 nsnf nsnf nsnf nsnf 0.23 nsnf nsnf nsnf nsnf
May 26.31 16.00 0.89 o0.b6 1,24k 7.36 366.00 0.6 0.34  23h.2k 12k L4 437.00 0.93 0.34 Lo6.41 148.58
June 11.L45 0.15 nsnf  nsnf nsnf nsnf 1.48 0.20 1.ko 0.30 2.07 0.79 0.27 2.80 0.21 2.21
July 9.80 0.05 nsnf nsnf nsnf nsnf 0.07 nsnf nsof nsnf nsanf 0.28 0.65 0.88 0.18 0.25
Aug 8.18 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 unsnf  nsnf nsaf nsnf
Sept 2h.T7 3.30 0.20 1,22 0.66 4,03 k.75 0.17 0.54 7.10 22.55 139.20 0.08 0.51 11.1%  70.99
oct 5.63 0.03 nsaf nsnf bmdl  bmdl 1.20 0.18 2.00 0.22 2.a 2.4k 0.14 0.61 0.34 1.bg
Nov 7.67 1.80 1.39 0.20 2,50 0.36 1.96 0.30 0.30 0.59 0.59 3.7 0.52 0.46 1.95 1.73
Dec 3.09 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00  0.00

a nsnf, no samples were taken due to negligible flow.

b bedl, concentration was below the minimum detection level.

Minimm detection levels for NO3-N and PO-P are 0.0t ppm and 0.06 ppm, respectively.

Discharge values for concentrations lower than these levels were not calculated.



Drainage from the Control also contained detectable levels (ranged from
0.06 to 0.49 ug/ml1) of POL-P during at least one month out of each of the
three years in the study. Again, as with nitrate, both concentrations and
total discharge of POy-P from the Control drain appeared to increase for a
short period then decrease as both rainfall and total flow increased (Table
12), thus indicating miscible displacement between infiltrated water and
the soil solution as flow occurs in the soil.

Significant discharges of NO3-N and PO4-P through the South and Central
Sumps usually coincided with significant discharge from the subsurface drains
from the three soil treatment plots (Table 12).

Monthly distributions of rainfall plus-irrigation (Fig. 7) for 1973,
1974, and 1975 were found to be similar in that most of the water was
applied during the wet period from May through October. Otherwise, the
distributions were dissimilar and nonuniform.

A summary of annual quantities of water and nutrient discharge with
surface and subsurface drainage for ST, DT, and DTL plots is given in Table
13 and for the Control in Table 14. During all three years subsurface drain-
age was much greater from the ST plot relative to that for DT and DTL plects.
Surface runoff, however, was much greater for DT and DTL plots relative to
that for the ST plot. For the ST plot the total annual quantities of surface
and subsurface drainage (Fig. 8) increased with increasing total rainfall
plus irrigation. For DT and DTL plots, total drainage first increased with
rainfall plus irrigation then decreased. For a given quantity of rainfall
plus irrigation the total surface plus subsurface drainage was consistently
in the order: ST > DT > DTL. Surface plus subsurface drainage from the Con-
trol plot at first decreased with rainfall plus irrigation and then increased.

Annual amounts of evapotranspiration were calculated by subtracting
amounts of surface plus subsurface drainage from total inputs of rainfall
plus irrigation (Fig. 9). Deep percolation losses of soil water were assumed
to be insignificantly small. For any given amount of rainfall plus irriga-
tion, estimates for evapotranspiration were in the order: DTL > DT > ST.
Evapotranspiration for the Control plot was usually of the same order as for
DT and DTL plots. For ST, DT, and DTL plots evapotranspiration at first
decreased with rainfall and then increased. Overall growth and fruit yields
for the entire SWAP citrus grove during 1973-1975 were in a similar order as
for evapotranspiration, ie. DTL > DT > ST. For 1975 average orange yields
were 216, 156, and 167 boxes/ha, respectively, for DTL, DT, and ST plots.
Average yields of grapefruit during 1975 were 576, 400, 392 boxes/ha, respec~
tively, for DTL, DT, and ST plots. Since these citrus trees were relatively
young it is important to keep in mind that transpirational use of water on
these three plots occurred by both the citrus trees and Bahia sod located
between the rows of citrus. The Control plot, of course, was totally covered
by sod.

Annual quantities of NO3-N and PO4-P discharged (Figs. 10 and 11) with
surface and subsurface drainage were shown to increase with total rainfall
plus irrigation for the DTL plot. A similar trend was observed for the DT
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Table 12. Mean monthly concentrations and total discharges of NO3-N and POy-P in subsurface
drainage water from the unfertilized Control Plot, Central Sump, and South Sump
as a function of rainfall, drainage, and water table height (W.T. ht.) during

1973, 1974, and 1975.

Control Drain Center Sump South Sump

Total W.T. NO3-N PO, -P .\'()J-N PO4-P Jotal NO3=N PO4-P NO3-N PO4~-P lotal KO3-N PO4=-P NO3=N Py -1

vonth Rainfall Flow Ht, Conc, Conc. Disc. Disc, Flow Conc. Conc. Disc. Disc. Flow Conc.  (onc. Disc. Disc.
~cme w3/ha -m- ppm kg m3/ha ppm —_—ke m3/ha ppm kit

1973
jan 7.40 dwni? 5.55 dwni  dwni  dwnl  dwni 3430  1.76  pwnd® 6.04  pund 6490  1.58 pwnd  10.25 pund
Feb 5.11 dwnt 5.72  dwni dwni dwni dwni 3270 1.50 pwand 4.91 pwnd 4850 1.19 pwnd 5.77 pwnd
Mar 5.39 dwni 5.49 dwni dwni dwni dwni 1800 1.55 pwnd 2.79 pwnd 1480 1.30 pwnd 1.92  pwnd
Apr 4.75 dvni 5,41 dwni dwni dwni dwni 1290 4.80 pwnd 6.19 pwnd 1750 1.80 pwad 3.15 pwnd
May 13.70 dwni $.32 dwni dwni dwni dwni 1780 3.20 pwod 5.70 pwad 1800 1.50 pwnd 2.70 pwnd
lune 16.80 dwni 5.79 dwai dwni dwni dwni 6980 8.00 pwnd 55.84 pwnd 15630 2,30 pwnd 35.95 pwnd
July 18.55 dwni 5.93 dwni dwni dwni dwni 8720 3.53 0.21 30.78 1.83 16660 2,50 0.06 41.65 1.00
Aug 23.93  747.46° 5.73  0.19 0.15 0.14 0.11 14100 0.70 0.16 9.87 2.26 27680 1.00 0.17 27.68 4,71
Sept 13.20 1478.42 5,62 0.28 0.22 0.41 0.33 10300 2.23 0.28 22.97 2.88 20100 0.17 0.26 3.42 5.23
Oct 20,31 1529.83 5.65 0.23 0.25 0.35 0.38 11000 0.75 0.19 8.25 2.09 25100 0.84 0.21 21.08  5.27
Nov 1.96 17.13  5.36 0.2¢ 0.21 trace® trace 1590 1.06 0.20 1.69 0.32 2720 1.35 0.20 3.67 0.54
Dec 3.% 1.95 5.29 nenfd nanf nsnf nanf 690 4.85 0.11 3.35 0.08 651 1.51 0.14 0.98 0.09
1974 ¢
Jan 6.02 265.26 5.31 0.96 bmd1 0.25 bmdl 2670 5.84 0.11 15.59 0.29 3470 1.67 0.08 5.79 0.28
Feb 1.50 0.79 35.22 nsof nanf nsnf nsnf 470 0.20 0.c8 0.09 0.04 746 0.73 0.15 0.54 0.1
Mar 2.77 0.00 5.14 0.00 0.00 0.00 0.00 2770 5.20 0.21 14.40 0.58 1780 3.31 bad1 5.89  bmdl
Apr 5.59 0.00 5.11 0.00 0.00 0.00 0.00 480 0.33 bmd 1 0.16 bmd 1 1480 0.48 bmd 1 0.71 bmdl
May 10.27 249.64 5.20 0.57 bmd 1 0.14 bad 1 2720 6.60 0.19 17,95 0.52 2710 2.76 0.10 7.48 0.27
June 34.07 195%7.27 5.58 0.80 bmd1 1.57 bmd1 12540 7.35 0.16 92,17 2,01 28620 4.08 0.10 116.77 2.86
July 22,37 1988.88 5.71 0.23 0.49 0.46 0.97 12730 3.25 0.13 41,37 1.65 29970 1.61 0.3 48.25 10.19
Aug 16,36 1050.28 53.64 0.2% bmdl 0.25 bed1 7890 0.38 0.09 3.00 0.71 17010 0.08 0.17 1.36 2.89
Sept 11.70 403.69 5.43 0.09 bmd 1 0.04 bmd1 3210 0.40 0.27 1,28 0.87 5640 0.22 0.14 1.24  0.79
Oct 8.96 608.12 5.50 0.2 bmd1 0.15 bmd1 6300 4.28 0.23  26.96 1.45 12560 2.16 0.17 27,13 2.14
Nov 2.33 3.29 5.2 0.14 bmd 1 trace bmdl 590 0.78 0.08 0.46 0.05 1080 0.08 0.07 0.09 0.08
Dec 4.73 75.35 5.36 1.26 bmd 1 0.09 bmd1 900 1.03 0.23 0.93 0.21 3400 0.50 0.11 1.70  0.37
1975
Jan 1.21 0.00 5.25 nsnf nenf nsnf nsnf 970 0.50 0.20 0.49 0.19 1030 0.11 0.11 0.11 o.11
Feb 9.97 396.37 5.30 1.7 bmdl 0,69 badl 3710 1.67 0.06 6.20 0.22 5720 1.03 bmd 1 5.89 bmdl
Mar 4.20 117.67 5.39 3.72 bmdl 0.44 badl 3060 1.29 badl 3.95 badl 3500 0.60 bmd 1 2.10 bmdl
Apr 4.09 80.63 5.27 3,68 bmd1 0.30 bmd1 13560 1.38 badl 2.1% badl 1110 0.13 bmd 1 0.14 bmdl
May 26.31 1437.9% 5.45 3.46 bedl 4,98 bmd1 7830 1.22 bad1 9.58 bmdl 16850 0.14 bmd 1 2,36 bmdl
June 11,453 431.40 5.49 3.60 0.35 1.55 0.15 6730 1.70 bmdl 11,44 bad1 10330 0.56 baad 1 5.78  bmdl
July 9.80 217.32 5.38 2.00 bmdl 0.43 bed1 2760 1.16 bmd1 3.20 bmd1 4230 0,07 bad 1 0.30 bmdl
Aug 8,18 167.16 5.32 1.80 badl 0.30 bmd1l 1730 1.48 bmd 1 2.56 bmd 1 3180 0.20 bud 1 0.64 bmdl
Sept 2.77 1007.34 3.53 2,22 bad 1 2.24 badl 8640 5.05 0.11  43.63 0.95 18200 0.06 badl 1.09 bmdl
Oct $.63 318.31 5,52 2.46 badl 0.78 bad1 6430 4.81 0.09 30,93 0.58 9920 2,02 bad 1 20.04 bedl
Nov 7.67 421.92 5.40 1.37 bmd1 0.58 bmdl 3370 1.84 badl 6.20 badl 5200 1.36 bed 1 7.07 bmdl
Dec 3.09 7.% 35.% 1.% bead 1 0.01 bad 1 1730 1.04 bad} 1.80 bmdl 1830 0.53 bmdl 0.97 bmdl

& dwmi, control drain line was not installed until the middle of August.

b pwnd, POy=P was not determined on these samples.

¢ This valua represents only one half the month.

d nenf, no sample was taken due to negligible flow.

e trace, discharge values were less than 0.01 kg of NO3~N and PO4-P.

f bmdl, concentration was below the minimum detection level. Minimum detection levels for NOy~N and PO,-P are 0.04 ppm and 0,06 ppm, respectively.
Discharge values for concentration lower than these levels were not calculated.



Table 13. TQtal annual quantities of rainfall, irrigation, drainage, surface runoff, estimated evapotrans-
piration, NO3-N discharged in drainage and runoff, and POy~P discharged in drainage and runoff
for ST, DT and DTL soil management plots during 1973, 1974 and 1975.

1973 1974 1975
ST DT DTL ST DT DTL ST DT DTL

Rainfall (cm) 135764 13664 13564 125785 125,85 12585 11637 118737 118,37
Irrigation (cm) 20.58 20.58 20.58 38.66 38.66 38.66 29.66 29.66 29.66
Rainfall + Irrigation

(cm) 155.22 155.22 155,22 163.51 163.51 163.51 146.03 146.03 146.03
Drainage (cm) 83.31 58.50 29.69 84.95 43.83 30.61 64.72 26.46 19.49
Surface Runoff (cm) 0.30 9.90 12.20 7 9.68 8.89 0.23 4 42 6.60

0
Drainage + Runoff (cm) 83.61 68.40 41.89 85.12 53.51 39.50 64.95 30.88 26.09
Estimated Evapotrans-

piration* (cm) 71.61 86.82 113.33 78.39  110.00 124,01 81.08 115.15 119.94
NO3-N discharged in

drainage (kg/ha) 31.75 10.36 7.97 35.30 3.74 13.34 45,77 0.36 3.65
NO3-N discharged in

runoff (kg/ha) 0.02 0.32 1.16 < 0.01 0.69 0.82 0.02 0.25 0.44
Total NO3-N discharged

(kg/ha) 31.77 10.68 9.13 35.31 4.43 14,16 45.79 0.61 4.09

Percentage NO?-N

discharged (% 18.74 6.30 5.38 20.82 2.61 8.35 27.01 0.36 2.4

POL4-P discharged in

drainage (kg/ha) 3.75 0.68 0.33 3.14 0.70 0.86 2.47 0.01 0.04
POy-P discharged in

runoff (kg/ha) < .0l 0.10 0.16 < 0.01 0.37 0.32 0.01 0.15 0.23
Total PO4-P discharged

(kg/ha) 3.76 0.78 0.49 3.15 1.07 1.18 2.48 0.16 0.27
Percentage POy-P

discharged (%) 20.29 4.22 2.66 16.99 5.79 6.38 13.42 0.86 1.46

*“Evapotranspiration was calculated by subtracting total quantities of drainage and surface runoff from
the total quantities of rainfall and irrigation. The water balance components of deep seepage and
soil water storage were assumed negligibly small and were thus ignored for these calculations.

L1



Table 14: Total annual quantities of rainfall, irrigation, drain-
age, estimated evapotranspiration, NO3~N discharged in
drainage, and POy,-P discharged in drainage for the Con-
trol soil management plot during 1973-1975.

1973 1974 1975

Rainfall (cm) 134,64 124,85 116.37
Irrigation (cm) 0 0 0

Rainfall plus lIrrigation (cm) 134,64 124,85 116.37
Drainage (cm) 37.75 66.05 L6.03
Estimated Evapotranspiration* (cm) 117 .47 97.46 100.00
NO3~N discharged (kg/ha) 0.90 2.95 12.30
Percentage NO3-N discharged (%) 0.53 1.74 7.26
PO,-P discharged (kg/ha) 0.82 0.97 0.51
Percentage POy-P discharged (%) L. 4 5.25 0.81

“Evapotranspiration was calculated by subtracting total quantities
of drainage from the total quantities of rainfall. The water
balance components of deep seepage, surface runoff, and soil
water storage were assumed negligibly small and were thus ignored
for these calculations.
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FIGURE 11. Total POy-P discharged annually with surface and subsurface
drainage water versus total amounts of rainfall plus irri-
gation for ST, DT, DTL, and Control soil management plots
for the period 1973-1975.
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plot except for the 1974 data when the NO3-N discharge decreased. Magnitudes
were generally similar for NO3-N and PO4-P losses from the deep-tilled plots.
Discharge of NO3-N decreased slightly with increasing rainfall plus irriga-
tion for ST, but discharges of PO4-P increased slightly with increasing rain-
fall plus irrigation. Nitrate losses were always many-fold greater for ST
than either DT or DTL plots. Discharge of PO4-P from the Control plot

(Table 14) generally had the same magnitude as that for the deep-tilled plots.
Losses of nitrate, from the Control, however, were greater than DT or DTL

in 1975 but were considerably less during 1973 and 197h.

Expressing the annual losses of NO3-N in both surface and subsurface
drainage as percentages of N applied, NO3-N discharged from the ST plot
accounted (Table 13) for 18.74% in 1973, 20.82% in 1974, and 27.01% in 1975.
For DTL comparable values were 5.38% in 1973, 8.35% in 1974, and 2.41% in
1975. Comparable values for DT were 6.30% in 1973, 2.61% in 1974, and 0.36%
in 1975. Thus average losses of N03-N over the 3-year period were 22.2% for
ST, 5.4% for DTL, and 3.1% for DT. These values are less than the values
of 31.9% for ST, 15.0% for DTL, and 8.3% for DT obtained during 1971-1972
by Calvert (1975). For a six-month period during 1971, Calvert and Phung
(1971) obtained % N losses of 35.4% for ST, 16.7% for DTL, and 8.7% for
DT. Higher N losses obtained during 1971 and 1972 than during 1973-1975
may be partially due to less uptake of N by the smaller and younger citrus
trees. Calvert and Phung (1971) attributed the greater N loss from DTL
relative to that from DT to greater rates of nitrification due to the bene-
ficial effect of lime on soil microorganisms.

Annual losses of PO4-P with surface and subsurface drainage during 1973,
1974, and 1975 were 3.76, 3.15, and 2.48% for ST; 0.49, 1.18, and 0.27%
for DTL; and 0.78, 1.07, and 0.16% for DT. Thus average losses of POL-P
over the 3-year period were 3.13% for ST, 0.65% for DTL, and 0.67% for DT.
These percentages are in the same order of magnitude but less than the values
of 14.2% for ST, 2.0% for DTL, and 3.4% for DT obtained during 1971-1972 by
Calvert (1975). The unfertilized Control plot produced POy-P losses which
were of the same order as the fertilized DT or DTL treatments in all three
years of the study.

Percentage losses of NO3-N and POy-P in the Central Sump (sampling site
7)and South Sump (sampling site 8) outfjow water was calculated based on the
amount of fertilizer applied to the nine citrus plots (9 ha) comprising the
entire SWAP citrus grove in each of the three years in the study (Table 15).
In 1973 losses of NO3-N from the Central and South Sumps both approximated
10.4% of that applied to the nine citrus plots. Loss of PO4-P was calcu-
lated to be 5.7% from the Central Sump and 10.1% from the South Sump in
1973. The 1974 data show that NO3-N percentage losses from the Central
Sump and the South Sump were very close with 14.0% lost from the Central
Sump and 14.2% lost from the South Sump. Approximately 5.0% of the POy-P
was accounted for as a loss from the Central Sump in 1974 and 12.0% was
calculated to be lost from the South Sump in 1974. 1In 1975 loss of NO3-N
and PO4-P was much less with only 8.0% of the NO3-N appearing at the Central
Sump and only 3.0% accounted for at the South Sump. POL4-P losses amounted
to only 1.2% at the Central Sump and 0.07% at the South Sump in 1975.

s
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Table 15: Total annual quantities of rainfall
charged from the Central Sum

1974, and 1975.

plus irrigation, water, NO3-N, and POy-P dis-
P and South Sump of the SWAP citrus grove during 1973,

1973 1974 1975
Central South Central South Central South
Sump Sump Sump Sump Sump Sump
Rainfall plus Irrigation 155,22 155.22 163,51 163.51 146.03 146.03

(M3/ha x 102)

Water discharged (M3/ha x 102)
NOB-N discharged (kg/ha)

POy-N discharged (kg/ha)

649.50 1,249.11
158.38 158.22
9.46 16.84

532.70 1,084,66
214,36 216.95
8.38 19.98

485.40 811,00
122.13 Le.49

1.94 0.11




During 1973 and 1974 the amount of NO3-N lost in the Central Sump
water was approximately the same as the amount lost from the South Sump.
Furthermore, the concentration of NO3-N in the Central Sump was approximately
twice that in the South Sump while the amount of flow from the South Sump
was about twice that from the Central Sump, thus accounting for the almost
equal losses of NO3-N from both sites. Without more intensive investigation,
it is not possible to say whether these figures are merely coincidences or
whether the bulk of the NO3-N showing up at the South Sump was in fact the
same NO3-N which originated at the Central Sump. Furthermore, in 1975, a
year of reduced drainage flow, the amount of NO3-N lost from the Central
Sump approximated 8.0% as compared to only 3.0% loss of NO3-N from the
South Sump. This difference might be explained by the fact that the water
was recycled for irrigation use more in this drier year, and because of
fewer rainfall events the water remained in the perimeter ditch system for
the grove much longer before flowing out and, therefore, considerably more
time was available for denitrification to occur and the chance that NO3-N
was absorbed by ditch vegetation was considerably greater.

The percentage loss of POL4-P was about twice as high from the South
Sump as from the Central Sump in 1973 and 1974, but in 1975 losses from
both Sumps were almost nil (only 1.2% from the Central Sump and 0.07% from
the South Sump). The same reasons given for reduced loss of NO3-N in 1975
also apply here. In 1975, there was a much greater chance for PO4~P to be
removed in the perimeter ditch system in both biological and chemical sinks
which fix PO4-P.

As stated earlier, it is not known for certain whether the close corre-
spondence of losses of NO3-N from the Central and South Sumps in 1973 and
1974 is coincidental or not, but it is presumed that the balance of nutrients
in the perimeter ditch system surrounding the SWAP area is fairly complex.
That is, the PO4-P and NO3-N concentration and discharge at the South Sump
is an integrated summation of inputs, such as subsurface drains, surface
runoff from the plot areas, surface runoff from the non-agricultural area
(largely vacant land) seepage from this area and from adjoining areas into
the ditch system, fixation of NO3-N in rainfall from thunderstorms and
nutrient content of irrigation water. Both well water and water brought
in from the North Saint Lucie River Water Management District are used for
irrigation of the SWAP experimental grove. These are only a few of the pos-
sible reasons for observed increases as well as decreases in nutrient con-
centrations between the Central Sump and the South Sump in the SWAP experi-
mental grove. All of these possibilities should be investigated before an
exact nutrient balance at this location can be obtained. However, a loss
of approximately 10% of the NO3-N applied as fertilizer would not be con-
sidered an excessive loss, especially when it is possible that part of the
NO3-N originated from sources other than applied fertilizer.

‘Monthly values of subsurface drainage were found to be linearly related
(Figs. 12, 13, and 14) with monthly totals of rainfall plus irrigation for
the 3-year period for each soil treatment. Linear regression equations
(Table 16) were least-square fitted to the data for the three treatments.
The slopes of these equations were 0.70, 0.35, and 0.25 for ST, DT, and
DTL plots, respectively. These slopes show that for a given monthly input
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FIGURE 12. Monthly amounts of subsurface drainage plotted versus
amounts of rainfall plus irrigation for the ST soil treat-
ment during the period 1973-1975. The dotted line has a
zero intercept and a unit slope, and the solid line was
obtained using linear regression. The regression equation
is presented in Table 16.
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FIGURE 13. Monthly amounts of subsurface drainage plotted versus rain-
fall plus irrigation for the DT plot during the period 1973-

1975.

The dotted line has a zero intercept and a unit slope,

and the solid line was obtained using linear regression.
The regression equation is presented in Table 16.
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FIGURE 14. Monthly amounts of subsurface drainage plotted versus rain-
fall plus irrigation for the DTL plot during the period
1973-1975. The dotted line has a zero intercept and a unit
slope, and the solid line was obtained using linear regres-
sion. The regression equation is presented in Table 16.

Table 16: Linear regression equations relating D, monthly subsur-
face drainage (cm), and |, monthly rainfall plus irriga-
tion (cm), for ST, DT and DTL plots for the period 1973,
1974 and 1975.

Soil Treatment R-Square* COVO** lo***
(%) (%) (em)

ST D =-2,65+ 0.70 | 85.68 36.05 3.8

DT D =-0.96 + 0.35 | 57.39 68.03 2.7

DTL D= 1.05+ 0.25 | 72.63 56.38 4.

N

“R-Square is the regression coefficient squared.

"tV is the coefficient of variation.

PR U

o 1s the value of 1 corresponding to D = 0.
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of rai?fall plus irrigation, the amount of monthly drainage from ST was
approximately twice that for DT. Drainage from DTL was slightly less

than from DT. These findings confirm drainage results presented earlier
in this report.

Estimates of N, P, and K removal in oranges are presented in Table 17
f?r the 3 soil treatments. Using average fruit yields from 1975 and nut-
rient contents of fruit by Reitz (1961), N removal was calculated to be

Table 17: Average fruit yields of Pineapple Orange growing
in ST, DT, and DTL treatment plots during 1975-
1976 and calculated amounts of N, P, and K in the
harvested fruit. Calculations were based upon
the publication of Reitz (1961) who stated that
1000 boxes (90 1bs per box) of oranges contain
179.20 kg of N, 22.48 kg of P, and 269.62 kg of K.

Soil Fruit N P K
Treatment Yield Removal Removal Removall

(boxes/ha) (kg/ha) (kg/ha) (kg/ha)

ST 167 29.9 3.8 45,0
DT 156 28.0 3.5 421
DTL 216 38.7 4.9 58.2

29.9, 28.0, and 38.7 kg/ha for ST, DT, and DTL plots. Removal of P was
calculated to be 3.8, 3.5, and 4.9 kg/ha for ST, DT, and DTL. Expressing
these nutrient removals as percentages of fertilizer applied (169.52 kg/ha
of N and 18.48 kg/ha of P), N removal by fruit in ST, DT and DTL plots was
20.6, 18.9, and 26.5%. Thus the sums of the percentages of N discharged
with surface and subsurface drainage and N removed with fruit for ST, DT
and DTL plots are 39.8, 19.6, and 28.2%. Comparable percentages for P
were 23.7, 19.6, and 27.2% for ST, DT, and DTL. These values indicate

that large percentages of the applied N and P are unaccounted for, i.e.
greater than 60% for N and greater than 70% for P. Individual values are
60.2, 80.4, and 71.8% of the applied N for ST, DT, and DTL, and 76.3, 80.L,
and 72.8% of the applied P for ST, DT, and DTL. The percentage of unrecov-
ered N and P seems to be highest in the DT plot. The unrecovered N was
probably -distributed among uptake- by the citrus tree and sod,; denitrifica-
tion of NO3-N to the gaseous state, adsorption of NHy-N to the soil

k9



colloids, precipitation as iron and aluminum phosphates, and P in the soil
solution. The relatively large percentages of N and P not recovered as
surface and subsurface drainage loss and removal by citrus fruit seem to
suggest that the content of these nutrients in the soil at any given time
may be rather large. The exact fate of the unrecovered N and P can not be
determined at this time.

Intensive Studies Of Nutrient Leaching

Four short-term, intensive studies on NO3-N and POy-P discharge losses
in both surface and subsurface drainage water from ST, DT, and DTL tillage
systems were conducted in March and May of 1974, and in February and March
of 1975. These studies were conducted during the drier months of these
years so that the water input (irrigation) could be controlled more preci-
sely. Losses were examined over l4-day intervals that followed irrigations
of 16.0, 8.2, 5.7 and 2.4 cm of water. Fertilizer amounting to 530 kg per
ha of an 8-2-8 mixture (42 kg/ha nitrogen as ammonium and nitrate and 50 kg/ha
POL4-P as super-phosphate) was applied immediately before turning on the
irrigation system. An exception was the 5.7 cm irrigation period (Febru-
ary 1975) when plots were not fertilized prior to irrigation. Instead,
the preceding fertilization was made three months prior to the 5.7 cm
irrigation.

Concentration, nutrient flux and water flow curves for the four events
are presented in Figs. 15 through 26 for ST, DT, and DTL plots.. Tables 18
through 21 present the same data in numerical form along with values for
water table height, rainfall and time. A summary table composed of means
for each event is presented in Table 22.

A series of smooth NO3-N and PO4-P concentration, and discharge curves
with well defined peaks were obtained from these intensive studies. Exam-
ples of the type of curves obtained by intensive sampling are presented as
Figs. 15, 16, and 17 for subsurface drainage water from ST, DT, and DTL
plots during parts of May and June of 1974 (16.0 cm of irrigation was
applied on May 21, 1974).

Surface-tilled plots gave greater NO3-N discharges (Table 22), 14.4
kg/ha NO3-N, in the lki-day period after the 16.0 cm irrigation, than either
DT or DTL, which were 0.6 and 5.1 kg/ha NO3-N, respectively. Following
the 16-cm irrigation, maximum concentrations of NO3-N in the subsurface
drainage of both ST and DTL were much higher (18.4 and 16.8 nug/ml!) than of
DT (2.3 npg/ml). For the 16.0 cm irrigation concentrations of NO3-N in
drainage from the ST and DTL plots reached two peaks, one at 2 days and
another at 13 days (Figs. 15 and 17); however, only one peak at 2 days
was observed for the DT plot. Nutrient discharges from ST were usually
greater than from DTL mainly because water discharge was greater. Although
subsurface drainage from the DT plot exceeded that from DTL, NO3-N dis-
charges from DTL were higher than from DT, probably because the mixed and
limed soil had a higher nitrification rate, (Phung, 1971). ST plots dis-
charged up to 0.38 kg/ha POL-P in the lh-day period following the 16.0 cm
irrigation, but phosphate discharges from DT and DTL were only 0.07 to 0.11
kg/ha POy-P in the 1h-day period, respectively.
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FIGURE 16. Fluxes of drainage water, NO2-N and POy-P and concentrations
of NO3-N and POy-P in subsurface drainage from the DT soil
management treatment during a lh-day period (March 6-19,
1974) following a 16.0-cm irrigation. Water was applied
continuously over a 39-hour period immediately after a
quarterly application of 530 kg/ha of an 8-2-8 fertilizer.
Rainfall occurred on days 9 and 10 for total of 2.4 cm.
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FIGURE 17. Fluxes of drainage water, NO;-N and POy-P and concentrations
of NO3-N and POy-P in subsurface drainage from the DTL soil
management treatment during a lk-day period (March 6-19,
1974) following a 16.0-cm irrigation. Water was applied
continuously over a 39-hour period immediately after a
quarterly application of 530 kg/ha of an 8-2-8 fertilizer.
Rainfall occurred on days 9 and 10 for a total of 2.4 cm.
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FIGURE 18. Fluxes of drainage water, NO,-N and POy-P and concentrations
of NO3-N and PO4-P in subsurface drainage from the ST soil
management treatment during a lh-day period (May 21 through
June 3, 1974) following a 8.2-cm irrigation. Water was
applied continuously over a 20-hour period immediately after
a quarterly application of 530 kg/ha of an 8-2-8 fertilizer.
Rainfall occurred on days 13 and 14 for a total of 2.7 cm.
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FIGURE 19. Fluxes of drainage water, N03-N and POy-P and concentrations
of NO3-N and POy-P in subsurface drainage from the DT soil
management treatment during a lb-day period (May 21 through
June 3, 1974) following a 8.2-cm irrigation. Water was
applied continuously over a 20-hour period immediately after
a quarterly application of 530 kg/ha of an 8-2-8 fertilizer.
Rainfall occurred on days 13 and 14 for a total of 2.7 cm.
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FIGURE 20. Fluxes of drainage water, NO,-N and POy-P and concentrations
of NO3-N and POy-P in subsurface drainage from the DTL soil
management treatment during a lk-day period (May 21 through
June 3, 1974) following a 8.2-cm irrigation. Water was
applied continuously over a 20-hour period immediately after
a quarterly application of 530 kg/ha of an 8-2-8 fertilizer.
Rainfall occurred on days 13 and 14 for a total of 2.7 cm.
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Fluxes of drainage water, NO3-N and POy-P and concentrations
of NO3-N and POh-P in subsurface drainage from the ST soil
management treatment during a l4-day period (March 17-30,

1975) following a 2.4-cm irrigation.
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continuously over a 6-hour period immediately after a quart-

erly application of 530 kg/ha of an 8-

2-8 fertilizer.

fall occurred on days 2 and 3 for a total of 2.9 cm.
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FIGURE 22. Fluxes in drainage water and NO3-N and concentrations of

N03-N in subsurface drainage from the DT soil management
treatment during a li-day period (March 17-30, 1975) fol-
lowing a 2.4-cm irrigation. Water was applied continuously
over a 6-hour period immediately after a quarterly applica-
tion of 530 kg/ha of an 8-2-8 fertilizer. Rainfall occurred
on days 2 and 3 for a total of 2.9 cm. Concentrations of
fluxes of POy-P were very small and are not shown on the
figure.
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FIGURE 23. Fluxes of drainage water and NO2;-N and concentrations of N03-N

in subsurface drainage from the DTL soil management treat-
ment during a li-day period (March 17-30, 1975) following a
2.4-cm irrigation. Water was applied continuously over a
6-hour period immediately after a quarterly application of
530 kg/ha of an 8-2-8 fertilizer. Rainfall occurred on days
2 and 3 for a total of 2.9 cm. Concentrations and fluxes

of POy-P were very small and are not shown on the figure.
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FIGURE 24. Fluxes of drainage water, NO,-N and PO -P and concentrations
of NO3-N and POu-P in subsuréace dralnage from the ST soil
management treatment during a li-day period (February 11-24,
1975) following a 5.7-cm irrigation. Water was applied
continuously over a lh-hour period which occurred three
months after a quarterly application of 530 kg/ha of an
8-2-8 fertilizer. Rainfall occurred on days 11 and 13 for
a total of 8.6 cm.
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FIGURE 25. Fluxes of drainage water, NO,-N and POy-P and concentrations
of N03-N and POh-P in subsur;ace dralnage from the DT soil
management treatment during a lh-day period (February 11-24,
1975) following a 5.7-cm irrigation. Water was applied
continuously over a lh-hour period which occurred three
months after a quarterly application of 530 kg/ha of an 8-2-8
fertilizer. Rainfall occurred on days 11 and 13 for a total
of 8.6 cm.
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FIGURE 26. Fluxes of drainage water, NO,-N and PO4-P and concentrations
of NO,-N and PO, -P in subsurface drainage from the DTL soil
managément treatment during a lh-day period (February 11-24,
1975) following a 5.7-cm irrigation. Water was applied ‘
continuously over a lh-hour period which occurred three
months after a quarterly application of 530 kg/ha of an 8-2-8
fertilizer. Rainfall occurred on days 11 and 13 for a total
of 8.6 cm.
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Table 18. Concentration and flux of NO3-N and POy-P in subsurface drainage water from ST, DT,
and DTL treatments during a l4-day period {March 6-19, 1974) following a 16-cm
irrigation. The plots were irrigated continuously over a 39-hour period immediately
after a quarterly application of 530 kg/ha of an 8-2-8 fertilizer. Rainfall also
occurred on days 9 and 10. Water table height (W.T. ht.) are presented.

Surface Tilled Deep Tilled Deep Tilled Limed

- Rain  Flow W.T. NO3-N PO4-P NO3-N PO,4-P Flow W.T. NO3-N PO4-P NO3-N PO,-P Flow W.T. NO3-N PO4-P NO3-N PO4-P
Day Time fall Rate Het. Conc, Conmc. Flux Flux Rate Ht, Conc. Conc, Flux Flux Rate HE. Conc. Conc. Flux Flux
cm o -m- ppum — g/ha/hr— o -m~ — ppm — g/ha/hr— o -m- — ppm — g/ma/hr—

[ 0.00 5,09 1.78 bmd1® bmdl bmd1 0.00 5,19 bmdl bmd1 bmd1 bmd1 0.00 5.31 1.35 bmd1 bmd1 bmd1
1 0500 0.00 1.15 5.98 2.10 0.08 2.42 0.09 0.17 6.12 0.12 0,06 0.02 0.01 0.08 .26 1.87 0.14 0.15 0.01
0800 3.77 3.50 0.13 13.20 0.49 0.48 0.13 0.07 0.06 0.03 0.78 2,56 0.16 1.95 0.12
1000 6.59 8,40 0.15 55.35 0.99 0.87 0.15 0.08 0.13 0.07 0.85 5.00 0.43 4.25 0.36
1200 7.00 10.00 0.20 70.00 1.40 1.26 0.17 0.09 0.21 0.11 0.92 7.60 0.34 6.99 0.39
1400 8.00 11.40 0.22 91.20 1.76 1.65 0.20 0.10 0.33 0.17 1.51 10.80 0.28 16.31 0.42
1600 8.76 12.80 0.23 112.13 2.01 2.05 0.25 0.12 0.51 0.25 2.10 13.70 0.24 28.77 0.63
1800 9.71 13.60 0.28 132.06 2.72 2.46 0.30 0.18 0.74 0.44 3.96 12.60 0.20 49.89 0.79
2000 10.66 14.00 0.31 149.24 3.30 2.90 0.35 0.22 1.02 0.64 4.99 12.40 0.19 61.87 0.85
2200 11.73 14.40 0.33 168.91 3.87 3.30 0.38 0.26 1.25 0.86 5.84 12.00 0.18 70.08 0.93
2400 12.81 14.80 0.35 189.59 4.48 3.84 0.41 0.30 1.57 1.15 6.69 11.30  0.18 75.60 1.20

2 0400 0.00 15.78 6.37 15.75 0,35 251.00 5.50 4,49 6,12 0.60 0.33 2,69 1.48 7.52 6,40 11.10 0.18 83.47 1.40
0600 16.89 16.20 0.36 273.62 6.08 4.84 0.88 0.29 4.26 1l.41 7.95 11.00 0.19 87.45 1.51
1000 20.32 13.00 0.36 264.16 7.32 5.16 1.31 0.23 6.82 1.18 8.78 10.80 0.20 94.82 1.75
1200 19.75 12.00 0.36 237,00 7.11 5.21 1.50 0.20 7.81 1.04 7.07 10.40 0.22 73.53 1.55
1600 14.58 11.80 0.37 172.04 5.39 4.63 2.06 0.15 9.54 0.70 5.82 10.20 0.22 59.36 1.31
1800 11,70 11.70  0.37 136.89 4.40 4,36 2.30 0.14 10.03 0.61 5.20 10.10 0.23 52.52 1.20
2000 10.51 11.60 0.37 121.92 3.89 3.92 2.13 0.13 8.35 0.53 4.85 10.00 0.23 48.50 1.14
2400 8.23 11.40 0.37 93.82 3.05 3.31 1.90 0.13 6.29 0.43 3.75 9.80 0.24 36.75 0.90

3 1200 0.00 6.51 5.78 11.50 0.38 74.87 2.47 2,91 5.89 1.60 0.4 4.66 0.40 3.07 .13 9.40 0.28 28.86 0.86
1800 5.76 11.40 0.38 65.66 2.19 2,57 1.54 0.14 3.96 0.38 2.60 9.26 0.28 24.08 0.73
2400 5.01 11.40 0.39 57.11 1.95 2.29 1.50 0.15 3.44 0.34 2.38 9.00 0.28 21.42 0.66

4 1200 0.00 4.41 5.65 11,40 0.39 50.27 1.72 2.02 5.74 1.40 0.15 2.83 0.30 2,11 5,99 8.80 0.28 18.52 0.59
2400 3.81 11.80 0.41 44.96 1.56 1.76 1.40 0.15 2.46 0.26 1.83 8.60 0.28 15.74 0.51

5 1200 0.00 3.32 5.58 12.20 0.43 40.50 1.43 1.52 5,68 1.40 0.15 2.13 0.23 1.59 5,92 8.40 0.28 13.31 0.44
2400 2.83 12,60 0.40 35.66 1.13 1.28 1.40 0.14 1.79 0.18 1.34 8.80 0.27 11.79 0.36

6 1200 0.00 2,53 5,53 13.00 0.38 32.89 0.96 1.15 5.3 1.50 0.14 1,72 0.16 1.18 5,87 9.40 0.26 11.09 0.31
24600 2,23 13.40 0.34 29.88 0.76 1.02 1.60 0.10 1.63 0.10 1,02 9.80 0.25 9.99 0.25

7 1200 0.00 1.96 5.47 13.80 0.32 27.05 0.63 0.95 5,60 1.80 0.11 1.71 0.10 0.93 5,83 10.40 0.24 9.67 0.22
2400 1.70 14.20 0.32 24.14 0,51 0.88 1.60 0.13 1.41 0.11 0.84 11.00 0.23 9.24 0.19

8 1200 o0.00 1.50 5.42 14.40 0.27 21.60 0.41 0.85 5.57 1.40 0.14 1,18 0.11 0.75 5.80 11,20 0.22 8.40 0.16
2400 1.30 14.80 0.25 19.24 0.33 0.81 1.30 0.15 1.05 0.12 0.66 11.40 0.22 7,52 0.14

9 1200 0.38 1.15 5.38 15.00 0.22 17.25 0.25 0.77 5,53 1.20 0.16 0.92 0.12 0.57 5.77 11.80 0.22 6.73 0.12
2400 1.00 15.40 0.23 15.40 0.23 0.73 1.10 0.16 0.80 0.11 0.48 12.20 0.20 5.85 0.09

10 1200 2.03 1.28 5.34 15,70 0.23 20.09 0.29 0.69 5.69 1.00 0.16 0.69 0.11 0.44 5,72 13,00 0.18 5.65 0.08
2400 1.56 16,20 0.22 25.27 0.3 0.66 0.90 0.14 0.59 0.09 0.39 13.60 0.16 5.30 0.05

11 1200 0.00 1.34 5.40 16.60 0.20 22,24 0.27 0.71 5.77 0.80 0.13 0.57 0.09 0.37 5.90 14.00 0.14 5,11 0.05
2400 1.13 17.00 0.18 19.21 0.20 0.77 0.75 0.12 0.57 0.08 0.34 14.80 0.13 5.03 0.04

12 1200 0.00 1.11 5.37 17.50 0.16 19.42 0.18 0.79 5.60 0.70 0.11 0.55 0.08 0.33 5.83 15,60 0,12 5.07 0.04
2400 1.10 18.00 0.14 19.80 0.15 0.82 0.65 0.10 0.53 0.08 0.31 16.00 0.11 4.96 0.03

13 1200 0.00 0.92 5.35 18,40 0.12 16.93 0.11 0.79 5.53 0.60 0.10 0.47 0.07 0.30 5.76 16.80 0.10 4.96 0.03
2400 0.74 17.40 0.08 12.87 0.06 0.77 0.55 0.08 0.42 0.06 0.28 13.60 0.10 3.81 0.02

14 1200 0.00 0.63 5.34 16.20 0.06 10.13 0.04 0.70 5.48 0.50 0.07 0.35 0.05 0.27 5,70 10.60 0.10 2.86 0.02
2400 0.51 15.00 bmdl 7.65 bmdl 0.64 0.40 0.06 0.25 0.04 0.26 8,00 0.10 2.08 0.02

a bgseline readings were taken before study on 3/5/74
m>/ha/hr

¢ bmdl, concentration was below the minimum detection level. Minimum detection levels for NO3-N and PQ4-P are 0.04 ppm and 0.06 pPpm, respectively,
Discharge values for concentration lower than these levels were not calculated.
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Table 19. Concentrations and fluxes of NOo-M and POy-P in subsurface drainage water from ST,
DT and DTL treatments during a ?l&-day period (May 21, 1974 through June 3, 1974)
following an 8.2 cm irrigation. The plots were irrigated continuously over a
20-hour period immediately after a quarterly application of 530 kg/ha of an 8-2-8
fertilizer. Rainfall occurred on days 13 and 14. Water table heights (W.T. ht.)
are presented.

_ = Sucface Tilled Daep Tilled Deep Tilled Limed
Rain Flow W.T. MO3-N PQy-P NO3-N  PO,-P Flow W.T. NO3=-N Pﬂk-P NO3=N  PO4-P Flow W.T, NO;-N PO, =P NOg=N  PO4-P

Day Time fall Rate Ht. Conc. Cowc. Flux Flux - Rate Ht, Conc., Come. Flux _Flux Rate __Ht, Comc, Conc, Flux Flux
cm ® -m- — ppm — —g/halny — a “me  —— Ppm —  ~—g/ha/hr— a “m-  — ppm —g/ha/hr—

02 0.06 5.43 3.42 0.11 0.21 0.01 0.27 5.49 0.40 bmdl® 0.11 bmdl 0.01 5.66 0.60 bmdl 0.01 bmd 1
1 0400 ©.00 0.85 5,36 4.00 0,11 342 0.09 0.7% 5.48 0.40 bodl 0.31 bed 1 0.18 5.58 1.40 bmd1 0.25 bmd1
0800 0.89 4.00 0.12 3.42 0.10 0.78 0.40  bmdl 0.1 bmd 1 0.16 1,40 bmdl 0,22 bmd1

1200 0.85 4.00 0,13 3.42 0.11 0.77 0.40 bmdl 0.31 bmdl 0,15 1.40 bmd 1 0.21 bmdl

1600 0.79 4.00 0.15 3.00 0.13 0.76 0.40 tmdl 0,30 bmdl 0,12 1.39 bmd1 0.17 hedl

2000 0.69 4.00 0.19 2,90 0.13 0.75 0.40 bmdl 0,30 bmdl 0.10 1,30 0,07 0.13 0.01

2200 0.63 4,00 0.21 2,60 0,13 0.76 0,40 bmdl 0,30 bmdi 0.11 1.20 0,09 0.13 0.01

%00 0.63 4.00 0.22 2.51 0.14 0.84 0,40 0.06 0.34 0.05 0.11 1.20 0,11 0.13 g.01

2 0400 0.00 0.92 5.99 4.00 0.23 3.66 0.21 1.17 6.11 0,30 0.07 0,35 0.08 0.3 6.27 1.50 0.16 0.51 0,05
0600 1.80 4.20 0. 6,20 0,39 1.54 0.40 0,16 0.62 0,25 0.7% 2,80 0.11 3.00 0.07
0800 2.42 4.50  0.25 10.89 0.61 2,11 0.50 0.22 1,06 0.46 1.32 4,00 0.07 5.28 0.09

1000 5.10 5,50 0.26 28.05 1.45 2.60 0,60 0.16 1,70 0.40 2.67 5.00 0.07 13.35 0.18

1200 7.45 7.00 0.26 52.15 1.96 3.02 0.70 0.13 2.11 0.38 3.57 6.00 0.07 21.42 0.25

1400 9.08 7.50 0.27 68,10 2,50 3,50 1.35 0.09 5.00 0.30 4.25 6.60 0,07 27.50 0.30

1600 10.00 8.00 0,27 73.00 2.80 3.31 2,00 0.07 6.62 0.22 4.60 7,00 0.07 32.20 0.32

2000 11.62 9.00 0.30 104,58 3.49 2.72 2.00 0.06 S5.44 0.16 3.86 9.00 0.07 3.74 0.27

2400 9.80 10.00 0.30 98.00 2.99 .33 2,00 0.06 4.66 0.14 2.98 11.74 0.06 35.00 0,18

3 0400 0.00 7.18 5.82 11.50 0.31 82,57 2,22 2.04 5.91 2,00 0.06 4,08 0,12 2.49 6.05 13.65 0.06 34.00 0.14
0800 5.41 12,50 0.31 67.62 1.68 1.81 2,00 bmdl 3.62  bmdl 2.14 15.80 bmdl  33.50 bwdl

1200 4.41 13.00 0.30 57.30 1,36 1.66 2,00 bmdl 3.32 bmdl 1.86 17.74 bmdl 33.00 bend 1

1600 3.71 12.60 0.29 49.00 1.20 1.52 2.00 bmdl 3.04 bmdl 1.66 19.60 badl 32.50 bedl

2000 3.33 11.70 0.28 41,50 1.05 1.39 2,00  bmdl 2.78 bmdl 1.54 19.40 bmdl 32.10 bedl
2400 3.09 11.00 0.28 33.99 0,87 1.27 2.00 bmdl 2.54 bmdl 1.48 19.28 bmdl 32.00 bedl

4 0400 0.00 2.88 5.62 11.70 0,27 33.60 0.77 1.20 5.73 2.00 bmdl 2.40 bedl 1.41 5.90 21.10 bmdl 31,90 badl
0600 2.70 12,00 0.26 33.60 0,74 1.17 2,00 bmdl 2.34  bmdl 1.36 22,00 bedl 31.60 bmdl
1200 2.58 13.00 0.25 33,54 0,65 1.09 2,10 bmdl 2.29  btmdl 1.26 25.00 bndl  31.00 bad 1

1800 2.35 13.40 0.22 31.98 0.55 0.99 2,25 bmdl 2,21 bmd1 1.15 27.50 bamdl 31.20 bedl
2000 2. 13,80 0.21 31.98 0.52 0.96 2,30  bmdl 2.20 bwdl 1.11 28.30 bmdl 31.10 bmd1

2400 2.18 14.50 0,20 31.61 Q.44 0.93 2.3¢ bmd1 2.20 bmdl 1.04 30.00 bmdl 31.20 bedl

5 0800 0.00 2.07 5.54 10.30 0.18 21.13 0.39 0.87 5.66 2,48 bmdl 2,12  bmdl 0.99 5.84 27.50 bmdl  27.00 bmd1
1200 1.97 10.60 0.18 20.80 0,36 0.84 2.50  bmdl 2,12 bmdl 0.95 26.31 bmdl 25.00 bmd1
1800 1.81 10.00 0.18 17.40 0.34 0.80 2.61 bmdl 2.09 bmd1 0.91 22.00 bmdl 20.00 bmdl

2400 1.67 10.50 0,20 17.50 0.32 0.75 2.66 bmdl 2.00 bmd1 0.84 17.50 bmdl 14.70 bmd1

6 0800 0.00 1.58 5.48 10.60 0.21 16.80 0.31 0.72 5.61 2.50 bmd 1 1.85 bmd1 0.76 5.78 17.50 bedl 13.00  bmdl
1200 1.50 10.60 0.22 15.90 0.34 0.71 2.46 bmd1 1.75 bmdl 0.70 17.50 bedl 12.25 bmdl
1800 1.40 10.51 0.23 15.00 0.31 0.70 2.41 bmdl 1.68 bmdl 0.65 17.50 bmdl 11.50 bmd1
2400 1.26 10.40 0.26 13,10 0.29 0.87 2.24 bmd1 1.5¢ bmdl 0.62 17.50 bmdl 10.85 bmd 1

7 0800 0.00 1.20 5.42 10.67 0,25 12.40 0.26 0.64 5.57 2.05 bmd1 1.38 bmd1 0.58 5.73 17.20 bmdl 9.90 bmdl
1200 1.12 10.80 0.25 12,09 0.28 0.63 2.00 bmdl 1.25 bmdl 0.55 17.00 brdl 9.35 bmdl

- 1800 1.10 10.80 ©0.25 11,20 0.23 0.61 1,86 bmdl 1.10 bmd1 0.53 16.20 bmd 1 8.20 bmdl
2400 0.98 10.80 0.22 10,58 0.21 0.57 1.75 bmd1 1.00 tmd 1 0.49 15.50 bmd 1 7.60 hmd1

8 0800 0.00 0.92 5.39 10.72 0.20 9.70 0.19 0.54 5.53 1.68 bmd1 0.92 bmdl 0.47 5.69 14.55 bmd1 6.80 bmd1
1200 0.90 10.70 0.20 9.63 0.18 0.53 .1.61 bmdl 0,89 bmdl 0.45 14.00 bmdl 6.30 bmd 1
1800 0,86 10.70 0,18 9.10 0.17 0.51 1,58 bmd1 0.82 bmd1 0.43 13.00  bmdl 5.80 bmd1
2400 0.84 10.70 0.18 8.98 0.15 0.49 1.53 bmd1 0.75 bmd1 0.39 12.00 bmd1 4.68 bmd1l

9 0800 0.00 0.79 5.35 10.15 0.18 7.80 0.15 0,49 5.50 1.32 bmd1 0.69 bmd1 0.36 5.66 10.70 bmd1 4.00 bmdl
1200 0.77 9.90 0.18 7.62 0.1 0.49 1.23 brdl 0.62 bmd1 0.35 10.00 bmd 1 3.50 bmd1
1800 0.74 9.97 0.18 7.38 0.13 0.49 1.12 bmdl 0.57 bmd1 0.32 10,00  bmdl 3.10 bend 1
2600 0.71 10.27 0.18 7.29 0.12 0,49 1.00 bmd1 0.49 bmdl 0.31 10.00 bmd1 3.10 bed1

10 1200 0.00 0.63 5.34 10.50 0.17 6.60 0.11 0.44 5,47 1.47 bmdl 0.67 bmdl 0.28 5.63 9.50 bmd1 2.60 bmdl
2400 0.57 10.50 0.17 5,98 .10 0.39 1.63 bmdl 0.64 bmdl 0.24 8.00 bmd1l 1.%0 bed1

11 1200 0.00 0.50 5.32 10.05 0.16 5,00 0.08 0.35 5.45 1,80 bmdl 0.63 bmd 1 0.22 5.61 7.80 bmdl 1.70 bmd1
2400 0.43 9.60 0.15 4.13 Q.06 0.36 1.74 bmdl 0.62 bmd 1 0.20 7.50 hmd 1 1.50 bmd1

12 1200 0.00 0.43 5,31 9.49 0.4 4,10 0.06 0.33 5.446 1,62 bmd1 0.53 brdl 0.19 5.59 7.25 bmd1 7.20  bmdl
2400 0.47 9.36 0.14 4,00 0.06 0.32 1.50  bodl 0.48 bmdl 0.17 7.00 bed 1 1.10 bead 1

13 1200 0.64 0.40 5.29 9.20 0.13 3,60 0.05 0.29 5.43 1.64 bmdl  0.42 bmd1 0.15 5.58 7.00 brd1 1.00 bad1
2400 0.38 9.00 0.13 3.40 0.05 0.67 1.40 bmdl 0.9% bmd1 0.13 7.00 bmdl 0.90 bedl

14 1200 2.03 0.34 5.30 9.00 0.12 2.50 0.05 0.64 5.56 1.38 bmdl 0.88 bmd1 0.11 5.60 7.00 bmdl 0.%0 bmd 1
2400 0.30 9.00 0.11 2.50 0.04 0.62 1.32 bmdl 0.82 bmdl 0.10 7.00 bmd1 0.70 bmd1

baseline readings were taken before study on 5/19/74

m3/ha/hr

¢ bmdl, concentration was below the minimum detection level. Minmimum detection levels for NO3-N and P04-P are 0.04 ppm and 0.06 ppm, respectively.
Discharge values for concentrations lower than these levels were not calculated.

om
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Table 20. Concentrations and fluxes of NO2-N and POy-P in subsurface drainage water from ST,
DT, and DTL treatments during a lk-day period (March 17-30, 1975) after a 2.4 cm irriga-
tion. The plots were irrigated continuously over a 6-hours period immediately
following a quarterly application of 530 kg/ha of an 8-2-8 fertilizer. Rainfall
occurred on days 2 and 3. Water table height (W.T. ht.) are presented.

. Surface Tillied Deep Tilled Deep Tilled Limed

Rain Flow W.I., NO3-N PO4-P NO3-N PO4-P Flow W.T. NO3-N PO4-P NO3-N PO4-F Flow W.T. NO3-N PO4-P NO3-N PO4-P

Day Time fall Rate Ht, Conc., Conc, Flux Flux Rate  Ht. Conc, Conc, Flux Flux Rate Ht, Conc, Conc, Flux Flux
cm a® -m~ —"ppm — —g/ha/hr — a -m*  ~—— ppm —g/ha/hr — a -m~ —— ppm —g/ha/br —

0? 0.00 0.00 5.19 0,30 0.10 0.00 0.00 0.00 5.34 bmdl® bmdl 0,00 bmdl 0.00 5.47 0,06 bmdl 0.00 bmdl
1 1400 0.00 0.00 5.20 0.47 0.12 0.00 0.00 0.00 5.47 0,04 bmdl 0.00 bmdl 0.02 5.48 0.09 bmdl 0.00 bmdl
1800 0.11 0.55 0.14 0.06 0,02 0.13 0.06 bmdl 0,01 bmdl 0.02 0.09 bmdl 0.00 bmdl

2000 0.31 0.70 0.16 0.22 0.05 0.16 0.08 bmdl 0.01 bmdl 0.02 0.09 bmdl 0.00 bmdl

2200 0.47 0.90 0,18 0.42 0.08 0.19 0.07 bmdl 0,01 bmdl 0.02 0.09 bmdl 0,00 bmdl

2400 0.57 1.20 0.20 0.68 0.11 0.22 0,07 bmdlt 0,02 bmdl 0.03 0.09 bmdl 0.00 bmdl

2 0300 0.64 0.59 5.24 1,45 0.17 0.8 0.10 0.27 5,56 0.05 bmdl 0.01 bmdl 0.03 5.59 0.09 bmdl 0.00 bmdl
0600 0.60 1.65 0.15 0.99 0,09 0.33 0.05 bmdl 0,02 bmdl 0.03 0.09 bmdl 0.00 bmdl
1200 0.65 2.00 0.10 1.40 0,07 0.41 0.07 bmdl 0.03 bmdl 0.04 0.09 bmdl 0.00 bmdl

1600 0.72 2,15 0.09 1.55 0.06 0.45 0.05 bmdl 0,02 bmdl 0.04 0.08 bmdl 0.00 bmdl

1800 0.75 2.30 0.09 1.75 0.07 0.45 0,05 bmd1l 0.02 bmd1 0.05 0.07 bmdl 0.00 bmd1

2000 0.77 2.40 0.09 1.85 0.07 0.45 0.05 bmdl 0,02 bwmdl 0.05 0.06 bmdl 0.00 bmdl
2400 0.82 2.50 0.09 2,05 0.07 0.45 0.05 bmdl 0.02 bmdl 0.05 0.05 bmdl 0.00 bmdl

3 0400 2,29 1.20 5.46 2,59 0.09 3.10 0.10 0.45 5,77 0.05 bmdl 0.02 bmdl 0.07 5.75 0.05 bmdl 0.00 bmdl
0800 1.55 2.68 0.09 4.15 0.14 0.44 0.05 bmdl 0,02 bmdl 0.08 0.06 bmdl 0.00 bmdl
1200 1.92 2.80 0.09 5.38 0.17 0.75 0.05 bmdl 0.04 bmdl 0.33 0.10 bmdl 0.03 bmdl

1600 2.29 2,90 0.10 6.64 0.23 0.93 0.15 bmdl 0.14 bmdl 0.57 0.18 bmdl 0.10 bmdl

2000 2.30 3.05 0.10 7.02 0.23 0.92 0.22 bmd1 0.20 bmdl 0.58 0.22 bmd1l 0.13 bmd1

2400 2.31 3,15 0.12 7.28 0.28 0.91 0.20 bmdl 0.18 bmdl 0.58 0.35 bmdl 0.20 bmdl

4 1200 0.00 2.06 5.51 3.50 O0.14 7.21 0.29 0.88 5.69 0.08 bmdl 0.07 bmdl 0.56 5.76 0.70 bmdl 0,39 bmdl
2400 1.81 3.90 0.24 7,06 0.43 0.84 0.16 bmdl 0.13 bmdl 0.54 1.08 bmdl 0.58 bmdl

5 1200 0.00 1.55 5.49 4.80 0.24 7.44 0.37 0.79 5.64 0.04 bmdl 0.03 bmdl 0.49 5.75 2.00 bmdl 0.98 bmdl
2400 1.28 5.30 0.24 6.78 0.31 0.74 0.04 bmd1l 0.03 bmd1l 0.43 2.40 bmd1 1.03 bmd1l

6 1200 0.00 1.12 5.42 5.10 0.24 5,7t 0.27 0.69 5.56 0.05 bmdl 0.03 bmdl 0.39 5.70 2.20 bmdl 0.86 bmdl
2400 0.95 4.95 0.24 4.70 0.23 0.64 0.05 bmd1 0.03 bmd1 0.34 2.25 bmd1 0.77 bmd1

7 1200 0.00 0.83 S5.37 4.80 0.24 3.98 0.20 0.60 5,53 0.05 bmdl 0.03 bmdl 0.30 5.66 2.55 bmdl 0.77 bmdl
2400 0.71 4.70 0.22 3.3 0.16 0.56 0.20 bmd1 0.11 bmd 1 0.26 2.65 bmd1l 0.69 bmd 1

8 1200 0.00 0.62 5.34 4.80 0.22 2,98 0.14 0.52 5.49 0.04 bmdl 0.02 bmdl 0.22 5.62 2.40 bmdl 0.53 bmdl
2400 0.52 4.90 0.21 2,55 0.11 0.48 bmd1 bmd1 bmdl bmd1 0.18 2.15 bmd1 0.39 bmdl

9 1200 0.00 0.46 5.32 5.05 0.20 2.32 0.09 0.44 5.46 0.05 bmd1l 0,02 bmd1 0.15 5.59 1.90 bmd1 0.29 bmd1
2400 0.40 5.15 0.18 2.06 0.07 0.40 0.05 bmd1 0.02 bmd1 0.12 1.67 bmd1 0.20 bmd1

10 1200 0.00 0.35 5.31 5.30 0.16 1.8 0.06 0.38 5.44 0.05 bmdl 0.02 bmdl 0.10 5.56 1.30 bmdl 0.13 bmdl
2400 0.29 4,90 0.1 1.42 0.04 0.35 0.04 bmdl 0,01 bmdl 0.08 1.10  bmdl 0.09 bmdl

11 1200 0.00 0.25 5.31 4.50 0.13 1,13 0.03 0.33  5.41 0.06 bmdl 0.01 bmdl 0.06 5.53 0.95 bmdl 0.06 bmdl
2400 0.20 4,10 0.11 0.82 0.02 0.30 0.04 bmdl 0.01  bmdl 0.05 0.80 bmdl 0.04 bmdl

12 1200 0.00 0.16 5.31 3,70 0.09 0.59 0.01 0.28 5.39 bmdl bmdl hmdl bmdl 0.04 5.51 0.65 bmdl 0.03 bmdl
2400 0.12 3.25 0.10 0.39 0.01 0.26 bmdl  bmdl  bmdl  bmdl 0.03 0.60 bmdl 0.02 bmdl

13 1200 0.00 0.09 5.30 2.8 0,10 0.26 0.01 0.25 5,38 bmdl bmdl bmdl bmdl 0.03 5.49 0.55 bmdl 0.02 bmdl
2400 0.06 2.45 0.11 0.15 0.01 0.24 bmdl  bmdl  bmdl  bmdl 0.02 0.50 bmdl 0.01 bmdl

14 1200 0.00 0.03 5.28 2.00 '0.14 0.06 0.00 0.23 5.36 bmdl  bmdl bmdl  bmdl 0.01 5.48 0.45 bmdl 0.00 bmdl
2400 0.01 1.60 0.6 0.02 0.00 0.23 bmdl  bmdl  bmdl  bwdl 0.01 0.40 bmdl 0,00 bmdl

baseline readings were taken before study on 3/15/75

m~/ha/hr

¢ bmdl, concentration was below the minimum detection level. Minimum detection levels for NO3~N and PO4-P are 0.04 ppm and 0.06 ppm, respectively.
Discharge values for concentrations lower than these levels were not calculated.

oo
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Table 21.
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0.05 0.02
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0.04 0,01
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baad L besd1
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badl badl
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bmd 1 bemd 1
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bwd 1 bmd1
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bwmd 1 bad 1
bad 1 bmd 1
bmd1 bmd 1
bmdl bmd 1
bmd 1 bead 1
bmd1 bmd1
bmd1 bmd1
bemd1 bmd1
bmd1 bmd1
bmd1 bad1
bed1 bmd 1
bmd1 bmd1
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bmd 1 bmd1
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bad1 bmd1
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in subsurface drainage water from ST,
l4-day period (February 11-24, 1975) following a
Plots were irrigated continuously over a lh-hour period.
Water table height (W.T. ht.) are presented.

Rain

NOj=N PO4=P NO3=N PO4-P

Conc, Conc, Flux Flux
— pp&@ — — g/ha/hr —
0.07 bmdl 0.00
0,12 bmdl 0.00
0.12 bmdl .00
0.12 bmdl 0.00
0.12 bmdl 0,00
0.85 0,08 0,05
0.95 0,08 0.06
1.00 0.08 0.06
1,20 0,08 0.06
1.30 0,08 0.06
1.35 0,08 0.06
1.8 0.08 0.06
1.60 0.09 0.07
1.80 0.09 0.07
1.5 0.09 0.07
1.30 0,09 0,08
1.15 0,11 Q.09
1.00 0,06 0.05
1,40 0.06 0.04
1.45 0,06 0.03
1.55 0.06 0.02
1.45 bmdl bmd}
1.40 bmdl bmd1
1.30 badl bmd1
1.20 bmdl bmd1
1.15 badl bmd1
1.10 bmdl bmd1
1.06 bmdl bmd1
1.03 bmdl bmd1
1.00 bmdl bmd ]
0.96 bmdl bmd1
0.93 bmdl bmd 1
0.90 bmdl 6  bmdl
0.87 bmdl 5  bmdl
0.85 bmdl 04  bmdl
0.84 bwmdl 31 bmdl
0.81 bmdl 29  bmdl
0.79 bmdl .28  bmdl
0.78 bmdl .28 bmdl
0.74 badl .26 bmdl
0.72 badl .22 bmdl
0.70 badl . bmdl
0.62 bmdl bmd1
0.57 brdl bmd 1
0.53 bmdl bmd 1

NO3-N and PO4-P are 0.04 ppm and 0.06 ppm, respectively,
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Table 22. Concentrations, total discharges, and estimated percentage losses of N03-N and POy-P
in surface runoff water and subsurface drainage for 1h-day periods following irriga-
tion amounts of 16.0, 8.2, 5.7 and 2.4 cm.

Irr. Soil NO,=N Conc PO, -P Conc Total NO3-N PO4~P  NO3-N PO -P
Applied Treat. Mean Range Mean Range Flow Disc, Disc., 7 Loss % Loss
— cm — ppm ppm m3/ha *%kg - -g-
16.0 ST 12,00 1.,78-18.,40 0.30 bmd1-0.43 1127.74  14.40 387.84 33.98 8.39
DT 1.14 bmd12-2,30 0.15 bmdl-0.33 938.06 0.57 72,00 1.34 1.56
DTL 9.83 1.35-16.80 0.22 bmd1-0.28 485.16 5.13 106.80 12,10 2.31
STRO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DTRO 4,64 0.59 91.70 0.43 54.10 1,01 1.17
DTLRO 4,28 0.51 148.70 0.64 75.84 1,51 1.64
8.2 ST 9.63 3.42-14,50 0.19 0.11-0.31 511.83 5.38 138,06 12.69 3.00
DT 1.98 0.40- 2.66 bmdl bmd1-0,22 268.39 0.45 6.71 1,06 0.14
DTL 11,81 0.60-30,00 bmdl bmd1-0.16 237.42 3.48 5.42 8,21 0.12
STRO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DTRO 3.72 0.74 11,00 0.04 8.14 0.09 0.18
DTLRO 3.76 0.44 80.00 0.30 35.20 0.71 0.76
5.7 ST 5.73 0.82- 7,30 0.15 0.11-0.19 797.70 4.44 123.22 10.48 2,67
DT bmdl bmdl- 0.06 0.06 bmd1-0.,18 51.61 trace® 0.77 neg 0.02
DTL 1.00 0.07- 1,80 bmdl bwmdl-0.11 157.42 0.14 3,74  0.33 0.08
STRO bmd1l bmd1 1.85¢ 0.00 0.00 0,00 0.00
DTRO bmd1l bmd1 28.91 0.00 0.00 0.00 0.00
DTLRO bmd1l bmd1 74.31 0.00 0.00 0.00 0.00
2.4 ST 3,68 0.30- 5,30 0.16 0.09-0.24 252.90 0.95 41,03 2,24 0.89
DT 0.06 bmdl- 0,22 ©bmdl bmdl-bmdl 154 .84 0.01 trace 0,02 neg
DTL 1.13 0,05~ 2,65 ©bmdl bmdi-bmdl 49,03 0.09 trace 0.21 neg
STRO 0.42 0.78 0.07¢ trace 0.05 negd neg
DTRO 0.25 0.46 0.97 trace 0.45 neg 0.01
DTLRO 0.25 0.35 1.66 trace 0.58 neg 0.01

a bmdl, concentration was below the minimum detection level. Minimum detection levels for NO4-N
and PO4-P are 0.04 ppm and 0.06 ppm, respectively,

b trace, discharge values wereless than 0,01 kg for NO3~-N and 0.0l g for PO4-P.

Surface runoff for this period resulted from rainfall which occurred after irrigation,

d neg, loss was less than 0.0l percent,
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Concentrations of NO3-N in subsurface drainage following irrigation
generally tended to increase with the quantity of water applied. For the
8.2 cm irrigation, maximum concentrations of NO3-N were 14.50, 2.66, and
30 ug/m! for ST, DT, and LCTL plots. For unknown reasons, the concentration
of NO3-N in drainage from DTL was especially large. For the 2.4 cm irriga-
tion, maximum concentrations of NO3-N were 5.37, 0.20, and 2.65 ug/mi for
ST, DT, and DTL plots.

Especially noteworthy is the cbservation that drainage following the
5.7 cm irrigation which was applied 3 months after a quarterly fertilization
initiated less discharge of nutrients from the soil profiles than when irri-
gation was applied within one or two days after application of fertilizer.
For ST, DT, and DTL plots maximum concentrations of NO3-N were 7.30, 0.06,
and 1.55 ug/ml, respectively; whereas, maximum concentrations of POL4-P were
0.19, 0.18, and 0.11 ug/ml, respectively. Thus the length of the time per-
iod between times of fertilization and a rainfall or irrigation event defin-
itely is one of the factors resulting in enrichment of drainage water with
nutrients.

Figures 24, 25, and 26 show the results of the 5.7 cm irrigation applied
(beginning on February 11, 1975), 3 months after fertilization. The amount
of irrigation was sufficient to give a flushing action in ST only for both
NO3-N and POL4-p jn that discharge peaks for both nutrients observed in ST
drainage water were at approximately 1.5 days after the initiation of the
irrigation. However, these peaks gradually subsided and the nutrient dis-
charge curves returned to base level by the 11th day (February 21) following
irrigation. On this data a rain occurred, followed by another on February
23, 1975, both of which totaled 7.17 cm. The additional rainfall initiated
additional concentration and discharge peaks for both NO3-N and PO4-P in the
ST plot, and a minor peak for NO3-N in the DTL plot. The subsurface nutrient
discharge peaks for the ST plot were very similar to those obtained following
the 8.2 cm irrigation of May 21, 1974, However, the concentrations and
nutrient discharges of the DT and DTL plots remained very low compared to
that for ST. This phenomena could possibly be explained by less nitrifica-
tion of NO3-N in the deep-tilled plots.

Concentrations of POy-P in drainage tended to be relatively low compared
to that for NO3-N. For the ST plot, maximum concentrations of POy-P were 0.43,
0.31, and 0.24 ng/ml in subsurface drainage following irrigations of 16.0, 8.2,
and 2.4 cm. For the DT plot, maximum concentrations of PO4-P were 0.33, 0.22,
and 0.06 ug/m! in subsurface drainage following irrigations of 16.0 8.2, and
2.4 cm. For the DTL plot, maximum concentrations of POL-P were 0.43, 0.16
and 0.06 ug/ml, respectively. For the ST plot these peak concentrations
tended to occur several days earlier than those for DT or DTL plots.

The contribution of surface runoff water (Table 22) to the overall
nutrient enrichment of the perimeter ditch water was low from the DT plots,
less than 0.65 kg/ha NO3-N for DTL (13% of the total loss) and less than
0.44 kg/ha for DT (77% of the total loss) after the 16.0 cm irrigation, and
was zero for ST due to negligible water runoff from the ST area during all
of the irrigation studies. During the l4-day period following the 8.2 cm
irrigation (May 21 to Jure 3, 1974) the mean concentration of NO3-N was
5.6, 2.0, and 11.8 ug/ml for the ST, DT and DTL plots, respectively, Dis-
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charges of NO3-N were 5.4, 0.4, and 3.5 kg/ha, respectively.

Estimated percentage losses of NO3~N in subsurface drainage were size-
able from the 16.0 and 8.2 cm irrigations {(Table 22) for both ST and DTL
treatments. During the 1hk-day periods, ST lost nitrogen equivalent to 34.0%
and 12.7% of the nitrogen applied as fertilizer, respectively, while DT
losses were equivalent to 1.34 and 1.06% and DTL losses were equivalent to
12.1 and 8.2%, respectively, for the 16.0 and 8.2 cm irrigations. Since
ammonium and nitrate were the sources of N, only 45% of the applied
N was originally in the nitrate state. Thus the losses with respect to
percentages of applied NO3-N were 68.0% and 25.2% for ST, and 25.8% and 16.6%
for DTL following the 16.0 and 8.2 cm irrigations, respectively. Loss of
POy-P from ST was 3.7 and 1.3% of applied phosphorus and 1.3 and 0.1% from
DTL after the two irrigations, respectively. Losses of NO3-N and POL4-P
generally were very small for the 5.7 and 2.4 cm irrigations.

Total drainage, N03-N discharge, and POy-P discharge during 14-day per-
iods following the 16.0, 8.2, and 2.4 cm irrigations are presented in Fig.
27 as functions of the water input to the soil from rainfall plus irriga-
tion. As shown previously in the report, drainage was always greatest from
ST, least from DTL, and intermediate from DT. For all three soil management
plots, drainage increased with total input of water from irrigation and
rainfall. Discharge of N03-N and PO4-P with subsurface drainage also tended
to increase with total input of irrigation and rainfall. For any given
amount of irrigation plus rainfall, considerably more N and P were discharged
with drainage from ST than from either of the deep-tilled treatments.
Although discharge of PO4-P was similar in drainage from each of the deep-
tilled plots, NO3-N discharge from the DTL plot was greater than from DT
for the 8.2 and 16.0 cm irrigations. For the 2.4 cm irrigation NO3-N dis-
charge was similar for DT and DTL. Since water flow was greater from DT
than DTL plots, the greater discharge of NO3-N from DTL following large
irrigation events was associated with the larger NO3-N concentrations
observed in drainage from DTL than from DT. The larger NO3-N concentrations
could possibly be due to higher rates of nitrification for applied NH4-N
in the heavily limed DTL soil.

In Figs. 28, 29, and 30 water table depths at the midplane between par-
allel subsurface drains are plotted with time during 10-day periods following
irrigations of 16.0, 8.2, and 5.7 cm for ST, DT, and DTL soil management
plots.

Water table depths from the soil surface were generally deeper in the
ST soil for a given rainfall event than in the DT and DTL soil profiles.
Drainage in the DT and DTL soils was usually slower due to smaller values
of hydraulic conductivity and clogging of soil adjacent to the drains.
Higher water contents were thus commonly maintained in the surface DT and
DTL soil due to slower drainage than the ST soil. Of the three irrigations,
only the 16.0 cm irrigation resulted in midplane water tables rising to the
soil surface. For the 16.0 cm irrigation the water table rise to the sur-
face was slower for ST than DT and DTL, but the falling stage was obviously
much faster for the ST plot. Water tables located at shallower depths in
DT and DTL treatments suggest the occurrence of higher soil water contents

69



Drainage (cm)

DTL

5 107 15 T 20
Rainfall and Irmgation (cm)

3

15 ST

NO5-N discharged (kg/ha)
o e}

ot ; o1
O 5 10 15 20
Rainfall and Irrigation (cm)
ST
. 300
i)
£
o)
X
E, 200
[
]
=g
[
'
2
T 100 OTL
8" oT
e} 5 10 15 20

Rainfall and Irrigation (cm)

FIGURE 27. Total drainage, NO3-N discharged, and POy-P discharged versus
total rainfall and irrigation during three 1h-day periods
(16.0, 8.2, and 2.4 cm irrigations) for ST, DT and DTL soil
management treatments.
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FIGURE 28. Time-dependence of water table depth measured at a point mid-

way between two parallel drain tubes for a 16.0-cm irrigation
(March 6-14, 1974)in ST, DT, and DTL plots. The water table
depth is taken as a distance beneath a point of zero depth
located midway between the elevations of the surface of the
soil bed and the bottom of the water furrow. The elevations
of the zero depth relative to mean sea level were 6.40 m for
the ST and DTL plots and 6.28 m for the DT plot.
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FIGURE 29. Time-dependence of water table depth measured at a point mid-
way between two parallel drain tubes for an 8.2-cm irrigation
(May 21-29, 1974) in ST, DT, and DTL plots.
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FIGURE 30. Time~dependence of water table depth measured at a point mid-
way between two parallel drain tubes for a 5.7-cm irrigation
(February 11-19, 1975) in ST, DT, and DTL plots.
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in the surface soil of these profiles. Generally, water tatlzs located

at the shallowest depths at the midplane between drainage in ST, DT, and
DTL treatments were associated with periods of maximum discharge of water
and nutrients from subsurface drains following a rainfall event.

SUMMARY

Results indicate that drainage of the three soil management systems
were greatly different. Drainage rates for subsurface drains in the ST
plots were much higher than for DT and DTL plots. Deep tillage on these
soils incorporated clay and organic materials from the subsoil layers into
the sandy surface soil, thereby decreasing the hydraulic conductivity of the
soil in the root zone. In addition to changes in the soil particle-size
and pore size distributions, the drains in the DT and DTL plots appear to
be partially clogged (Rogers, Simmons and Hammond, 1971). Mechanical and
microbiological '"'clogging' of soil near drain tubes has been observed in DT
and DTL plots, and the resulting hydraulic resistence to water flow decreased
the drainage response of the deep-tilled plots. However, the decreased
drainage characteristics of DT and DTL plots provided improved soil water
storage capacities. There were also increased cation exchange capacities
for the soil in the root zone which in turn resulted in larger growth rates
for young citrus trees than those planted in ST plots (Calvert et al., 1976).

Following rainfall or irrigation events, hydraulic response of the ST
soil was particularly rapid and of greater magnitude than for DT and DTL
soils. Not only were peak flow rates for ST drains approximately 2 to 3
times greater than for other drains, but accumulative drainage of water from
ST drains was also more than twice that for DT and DTL. Deep tillage
appeared to decrease the magnitude of maximum subsurface drainage rates,
prolong ''temporary'' soil water storage over very long periods of time, and
resulted in slower drawdown of temporary water tables relative to that in
the ST soil.

Deep tillage appeared to decrease the quantity of NO3-N that passed
through the soil and out through the drains. This decrease may be partially
due to the net influence of denitrification (see Section VI) during transport
of NO3-N through the DT and DTL soils.

Although the magnitude of peak loss rates of POy-P from all drain lines
were considerably less than for NO3-N, the loss of POy-P coincided in time
with those for NO3-N. As expected, deep tillage drastically decreased
feaching losses of phosphorus fertilizer. However, incorporation of lime
in the deep tilled soil did not appear to greatly influence leaching of
phosphorus.

These and other data suggest that the subsurface drains in this Spod-
osol (ST treatment) provide rapid lateral water flow and tended to reduce
flow vertically through the chemically reactive, but slowly permeable spodic
horizon. The subsurface drainage of the layered ST soil tended to increase
lTeaching losses of fertilizer nutrients.

Deep tillage tended, however, to decrease subsurface drainage, increase
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cation exchange capacity of the top 85 cm of soil, and decrease leaching
rates for NO3-N and PO4-P.

Hypothetical equivalent concentrations of the NO2-N in the applied irrig-
ation water would be 13.1, 25.6and 87.5 pg/ml for the 16.0-, 8.2-, and
2.4~cm irrigations, respectively, if the nitrate were uniformly dissolved
and mixed in the applied volume of water. Considering rainfall occurred
early in the 2.4 cm irrigation period, the equivalent concentration would
be 39.3 ug/ml. Concentrations of N03-N in the drainage water from the DT
plot never approached values as large as the equivalent concentration. How-
ever, NO3-N concentrations in the drainage from ST and DTL plots after the
16-cm irrigation reached or exceeded the corresponding equivalent concentra-
tions. After the 8.2-cm irrigation of the DTL plot, NO,-N concentrations
also reached or exceeded the corresponding equivalent concentration. The
highest corcentration of NO3-N reached in the drainage water from the ST
plot fol ing the 2.4 cm irrigation was 5.3 ug/mt (Table 20).

Before peak concentrations of applied fertilizer nutrients appear in
subsurface drainage water, infiltrated rain or irrigation water must flow
through the surface soil displacing the soil solution through the soil pro-
file. Powell and Kirkham (1974) showed that soluble components (example:
N03-N) of fertilizer applied to a bedded soil with subsurface drains will
move along streamlines of water flow characteristic of the given bedding
geometry. For the case of drains placed beneath and parallel to each sur-
face furrow which separate parallel beds, they found that increasing the
bed slope would not only increase the volume of drainage through the soil
to the drain but would also cause the soil water and accompanying solutes
such as NO,~N to move with greater velocity along comparable streamlines.
Potential theory (Kirkham, Toksoz and Van Der Ploeg, 1974) for subsurface
drainage of soil indicates that water infiltrating the soil surface directly
above a drain has the shortest streamline or pathway to that drain. Water
infiltrating the soil surface at greater distances away from the drain
encounters increasingly longer pathways to the drain. Water infiltrating
the soil surface near the midpoint between two parallel drains must follow
the longest pathway during drainage to the drain tube sink. Thus the water
flux from a subsurface drain will vary with time following an irrigation or
rainfall event, and for a given amount and intensity of water applied this
variation will be largely controlled by the curvilinear network of stream-
lines in a 2-dimensional plane normal to the axis of the drain. Also the
gradients of hydraulic head and thus the water flow velocity along individual
streamlines will generally be greater for the shorter streamlines. In a
leaching study of salts from tile-drained saline soils, Talsma (1967)
observed that during the ponded stage of irrigation removal of salt from
the surface soil occurred more rapidiy near the drains than midway between.
After ponding, i.e. during the falling water-table stages salt was removed
more evenly over the whole area. Thus, water infiltrating the soil surface
at some location near the midpoint between parallel drains will generally
move more slowly and follow a longer pathway to the drain than water infil-
trating the soil immediately over the drain. Relatively nonreactive solutes,
such as chloride, will move approximately with the same velocity along a
given streamline as does the soil water; however, reactive solutes such as
PO4-P, NHy-N and pesticides will move much slower than the water because of
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adsorption-desorption, chemical precipitation, microbiological tranformations
(nitrification) and synthesis, and other interactions with the soil matrix.
Nitrate-N is as mobile as the chloride ion but concentrations of NO3-N which
occur in the soil solution and in the drainage water are influenced by micro-
biological transformations between ammonium, organic and nitrate forms and
denitrification which is a microbiological sink.

In response to a single irrigation or rainfall event,the drainage flux,
q(t), for a parallel system of subsurface drains generally tends to increase
exponentially with time to a maximum and then decrease exponentially after-
wards. For steady irrigation, q(t) occurs according to the Kraijenhoff Van
De Leur-Maasland equation (Wessling, 1973; Van Schilfgaarde, 1974):

q(t) = 0.81057RZ —l—t{l - e'(”z/j)t} [1]

n=1,3,5

where R is the steady application rate for water, t is time, and J = us?/1%T
is the reservior coefficient. The parameter 1 is the drainable pore space,
S is the distance between drains, and T is the transmissivity of the soil
(T=Kd where K is the saturated hydraulic conductivity and d is the Hooghoudt
equivalent height of the drain level above an impervious soil layer). This
equation describes non-steady state drainage when initially (t=0) the

water table is horizontal and occurs at the drain level, when the hydraulic
head always remains as zero at the drain, and when irrigation or rain occurs
at a steady rate R over a time period t. This water flux as expressed by
q(t) represents the overall integrated influence of soil water movement along
many different streamlines. As water infiltration results in water movement
downward and as the soil water pressure near the drain approaches or exceeds
zero to allow flow into the drain, the inital drainage water will flow
rapidly from the relatively short streamlines in the soil above the drains
and with time drainage water will flow more slowly from the longer stream-
lines. Eventually the drainage will stop completely. Since soil water flow
represents a first approximation for movement of nonreactive solutes through
soils, the relative concentration C(t) of chloride or even nitrate in the
drainage water for fertilized soil that receives irrigation or rainfall
should approximate the exponential behaviour of the water flux, q(t). How-
ever, adsorption-desorption and other interactions will result in a retard-
ation or lag with time for movement of reactive solutes such as POy-P, 2,4-D,
and terbacil relative to water flow. Thus, magnitudes of relative concen-
trations for solutes such as POy-P in drainage water should be low relative
to an inert ion like Cl. The Cl should also appear in the drainage water
prior to that for the POy-P.

Because of the large volume (3-dimensions) of soil drained by a given
length of subsurface drain, concentrations of solutes in the drainage water
would not be expected to undergo drastic changes over short time periods
(hours and days). Relatively long periods with nearly constant concentra-
tion of NO,-N were in fact observed in drainage water from ST and DTL plots
following the 8.2- and 16.0-cm irrigations, and to some extent following the
2.4-cm irrigation for the ST plot. Also, a reasonably consistent quantity
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of water was observed to flow from the drains of the ST plot before the peak
NO3-N concentration was reached. The exact quantities of water were 2.74,

3.57, and 2.41 cm, respectively, for the 16.0-, 8.2-, and 2.4-cm irriga-
tions.

The higher concentrations of nutrients observed in the drainage water
after fertilization contrasts with the low concentrations, nearly zero,
observed in water from the Control plot during identical time periods. The
higher overall nutrient content from the grove area would confirm that the
agricultural practice of fertilization does increase nitrogen and phosphorus
nutrient concentrations in the water. However, the lower concentrations in
the perimeter ditch and at the South Sump shows that these nutrients are
reduced significantly before being discharged into the drainage canals admin-
istered by the North St. Lucie River Water Management District and the Cen-
tral and Southern Florida Flood Control District.

Thus the DT and DTL soil management treatments with combined subsurface
drainage and deep tillage appeared to offer the advantages of (1) greater
capacity to retain infiltrated water against drainage loss, (2) greater cap-
acity to attenuate loss of applied fertilizer nutrients and pesticides with
drainage water, (3) providing a '"buffering capacity' against very fast rates
of water table rise during rainy periods, but increasing surface runoff over
surface tilled and (4) permitting the maintenance of an aerobic, unsaturated
root zone which has a large capacity to attenuate leaching losses of nitro-
gen and phosphorus and thus minimize pollution of nearby drainage canals.

A practical disadvantage of the deep tillage management is the high cost
relative to the shallow tillage management.
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SECTION V

CONCENTRATIONS AND FLUX OF CHLOROBENZILATE ACARICIDE AND TERBACIL
AND 2,4-DICHLOROPHENOXYACETIC ACID HERBICIDES IN SURFACE AND SUB-
SURFACE DRAINAGE WATER FROM A CITRUS GROVE

EXPERIMENTAL METHODS AND PROCEDURE

Three pesticides - chlorobenzilate (acaricide), 2,4-Dichlorophenoxy-

acetic acid (herbicide), and terbacil

(herbicide) - were applied routinely

to the ST, DT, and DTL soil management plots of the SWAP citrus grove with
application rates (Table 23) of 1.4, 3.7, and 4.5 kg/ha, respectively, for
the three chemicals. Chemical structures for these materials are given in
Fig. 31. The chlorobenzilate was applied as an aqueous spray directly to
the citrus trees, whereas the terbacil was applied in aqueous spray to a
3-meter swath of soil along the rows of citrus.
aqueous spray over a l-meter swath of soil along the midsection between
the two rows of trees along the top of each bed.
perpendicular to subsurface drain tubes, applications of these pesticides
were in bands which were also perpendicular to the drains.

The 2,4~D was applied in

Since the tree rows were

Table 23. Dates and quantities of 2,4-D, terbacil, and chlor-
obenzilate applied to ST, DT and DTL experimental
plots.

Date Pesticide Application Rate

August 21-22, 1973 terbacil L 1bs. active/acre

January 17-18, 1974 chlorobenzilate 1.25 pts./500 gal.

March &4, 1974 terbacil L 1bs. active/acre

March 4, 1974 2,4-D 3 lbs./acre

March 4, 1974

May 20, 1974

May 21-2L4, 1974
May 21-24, 1974
July 10-11, 1974
March 11-13, 1975
March 11-13, 1975
March 11-13, 1975

chlorobenzilate
chlorobenzilate
terbacil

2,4-D
chlorobenzilate
terbacil

2,4-D
chlorobenzilate

1.25 pts./500 gal.
1.25 pts./500 gal.
L 1bs. active/acre
3 lbs. active/acre
1.25 pts./500 gal.
L 1bs. active/acre
2 1bs./100 gal.
2.5 pts./500 gal.
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Following applications of these pesticides, samples of subsurface
drainage and surface runoff waters were taken at selected times, frozen,
and shipped to the Pesticide Research Laboratory in Gainesville for analyses.
Irrigation was sometimes used to initiate subsurface drainage, and all other
periods of drainage were attributed to rainfall. Sample size was approxi-
mately 100 ml of water.

Water samples were analyzed for concentrations of terbacil and chloro-
benzilate using the method of Pease (1966) and Wheeler et al. (1971) with
added modifications. THese changes included: (1) filtration of water sam-
ples to remove suspended materials, (2) adjustment of sample pH to 3-4 with
addition of HCl1 acid, (3) two extractions of the acidified sample using
100 m! volumes of ethyl acetate, and (4) concentration of the ethyl acetate
extract to provide an appropriate volume for analysis by gas chromatography.

An unpublished method by H. A. Moye was used to determine concentrations
of 2,4-D herbicide as the butoxy ethyl ester in water samples. Each water
sample was first extracted for 2,4~D using ethyl acetate, the same procedure
followed for chlorobenzilate and terbacil extraction. The next step was to
evaporate the ethyl acetate solution to dryness in a test tube using a gentle
stream of dry nitrogen gas. Preparation of the butoxy ethyl ester derivative
was as follows: (1) 5 ml of acetyl chloride was added dropwise to cold butoxy-
ethanol ( the final volume was 100 m1). (2) One tenth ml of this solution
was then added to the test tube containing the extracted 2,4-D. The tube was
sealed and held at 80°C for 30 minutes. (3) The tube was cooled and 2.0 ml
of hexane added to the tube. (4) The hexane solution was then extracted
three times with 0.2 M K,HPO, (the KoHPO, was discarded). (5) A small amount
of anhydrous sodium sulfate was then added to the solution to dry the sam-

ple. Gas chromatography was then used to determine the sample concentration
of 2,4-D.

g)H
- >
O C‘O_C2H5
1
CH,-C-OH Chlorobenzilate
|
Cl H3C—i/ c=o
-C N-C(CH%)
Cl \\\\(f/// 3’3
Cl ]
. . , O
2,4-Dichlorophenoxyacetic Acid Terbacil
(2,4-D)

FIGURE 31. Structural formulas for chlorobenzilate, 2,4-D, and terbacil
pesticides.
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. Average recoveries of terbacil, chlorobenzilate, and 2,4~D from water
samples fortified with known concentrations were 80, 83, and 85%, respec-
tively, when these analytical methods were followed.

Soil samples were removed, extracted, and analyzed for terbacil, chloro
benzilate, and 2,4-D content. An analytical procedure by Jollifee et al.
(1967) was used to determine contents for terbacil and 2,4-D. Chloroben-
zilate analyses were performed using the method of Wheeler et al. (1969).

Operating parameters for the gas chromatographic analysis of extracts
from water and soil samples were as follows: Temperatures for the g]ass
column, injector and tritium electron-capture detector were 185 225° , and
210%, respectively; the column was 183 cm long with 4 mm inside dlameter
and was packed with 3% QF-1 on 80/100 mesh Gas Chrom Q (Applied Science).
The flow rate for the nitrogen carrier gas was 85 ml/min.

RESULTS AND DISCUSSION

Concentrations (ppb or ug/1) of terbacil and 2,4-D in subsurface drain-
age waters from submerged and open outlet drains in ST, DT, and DTL soil
management plots are presented in Figs. 32-35 for the first 67 days following
applications of terbacil, 2,4-D and chlorobenzilate on March 5, 1974.

A 16.0 cm irrigation was applied (over a 39 hour period) on March 6 and
a total of 2.41 cm of rain occurred on March 14 and 15. Concentrations of
terbacil were always less than 130 ug/1 in drainage water, from all three
plots and concentrations of 2,4-D did not exceed 80 ug/ml. Chlorobenzilate
was not detected in the drainage waters at any time. Concentrations of
2,4-D in drainage waters from ST and DT plots were always less than 25 ug/l
and did not vary greatly between drain lines with open outlets and submerged
outlets. Concentrations of 2,4-D in drainage water from the submerged DTL
drain were lower (maximum of 75 pg/1) in water from drains with open out-
lets. Earlier, Calvert and Phung (1971) observed that concentrations of
NO2-N in water from drains with submerged outlets from ST, DT, and DTL were
generally less than in drains with open outlets. They explained this dif-
ference in NO3-N concentration by possible loss of N by denitrification in
the water-saturated soil above the drains with submerged outlets. Phung
(1971 and 1972) measured the dissolved oxygen content of drainage water from
ST, DT, and DTL plots, and observed lower oxygen concentrations in water
from submerged drains. Concentrations of 2,4-D and terbacil were observed
to increase to broad maxima with time following the 16.0-cm irrigation.
For 2,4-D,the peak concentrations then decreased with time to near zero
values within 20 days after the irrigation. For ST and DT plots, the ter-
bacil concentrations decreased after the initial peaks and then increased
to form another peak later. Terbacil concentrations in drainage water from
the DTL drains decreased very slowly from the initial build-up of the peak.
The relative elution patterns for terbacil were essentially the _same in
water from open and submerged drains.

Drainage water flux (flow rate), concentrations of terbacil and 2,4-D

and flux of terbacil and 2,4-D in water from submerged and open outlet
«drains in ST, DT and DTL plots are presented in Figs. 36-47 for the first
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FIGURE 32. Terbacil concentrations in water from submerged drains in ST,
DT, and DTL plots during the period March 6 to May 11, 1974.
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FIGURE 33. Terbacil concentration in water from open drains in ST, DT,

and DTL plots during the period March 6 to May 11, 1974,
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DT, and DTL plots during the period March 6 to May 11, 1974.
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FIGURE 35. Concentrations of 2,4-D in water from open drains in ST, DT,
and DTL plots during the period March 6 to May 11, 1974.
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FIGURE 38. Water flux, terbacil concentration, and terbacil flux in water
from a submerged drain in the DT plot during a 14-day period
(March 6-19, 1974) following a 16.0 irrigation.
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FIGURE 39. Water flux, terbacil concentration, and terbacil flux in water
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6-19, 1974) following a 16.,0~cm irrigation.
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FIGURE 40, Water flux, terbacil concentration, and terbacil flux in water
from a submerged drain in the DTL plot during a lh-day period
(March 6-19, 1974) following a 16.0-cm irrigation.
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FIGURE 41. Water flux, terbacil concentration, and terbacil flux in water
from an open drain in the DTL plot during a lh-day period (March
6-19, 1974) following a 16.0-cm irrigation.
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FIGURE 42, Water flux, 2,4~D concentration, and 2,4-D flux in water from a
submerged drain in the ST plot during a 14-day period (March 6-
19, 1974) following a 16.0-cm irrigation.
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FIGURE 44, Water flux, 2,4-D concentration, and 2,4-D flux in water
from a submerged drain in the DT plot during a lh-day period
(March 6-19, 1974) following a 16.0-cm irrigation.
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FIGURE 45, Water flux, 2,4-D concentration, and 2,4-D flux in water
from an open drain in the DT plot during a lh-day period
(March 6-19, 1974) following a 16.0-cm irrigation.
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FIGURE 46. Water flux, 2,4=D concentration, and 2,4=D flux in water
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FIGURE 47. Water flux, 2,4-D concentration, and 2,4~D flux in water
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(March 6-19, 1974) following a 16,0-cm irrigation.
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14 days after the 16.0-cm irrigation on March 6. For both terbacil and
2,4-D, peak zones of flux developed with time which coincided with the times
of peak water flux. Total discharges of 2,4-D and terbacil were greatest
for ST drains, less from DTL, and least from DT. Concentrations of these
herbicides developed very broad peak zones which decreased within about a
week for 2,4-D but did not decrease during the lk-day period for terbacil.
Total discharges of 2,4-D were greater in water from open outlet than from
submerged drains in ST and DTL plots. Discharges of 2,4-D from the DT plot
either through open or submerged drains was very small compared to that
from ST or DTL. Total discharges of terbacil were not greatly different
from open or submerged drains in ST, DT and DTL plots.

Concentrations of terbacil in drainage water from ST, DT and DTL soil
management plots are presented in Figs. 30 and 31 for a 14-day period
following an irrigation on August 22, 1973. As in the 1974 data, the con-
centrations reached broad maxima which were 2 to 10 days in duration. The
magnitudes of the concentrations did not appear to be significantly differ-
ent for open versus submerged drain outlets.

Terbacil concentrations and flux and water flux are presented in Figs.
48, 49, and 50 for drainage water from ST, DT and DTL plots during a l4-
day period in March 1975 that followed a 2.4~cm irrigation. Concentrations
approached peak values of about 22, 30 and 20 ug/1 in drainage from ST, DT
and DTL submerged drains, respectively.
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FIGURE 48. Water flux, terbacil concentration, and terbacil flux in
water from a submerged drain in the ST plot during a lh-day
period (March 17-31, 1975) following a 2.4-cm irrigation.
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FIGURE L5, Water flux, terbacil concentration, and terbacil flux in
water from a submerged drain in the DT plot during a lhi-day
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FIGURE 50. Water flux, terbacil concentration, and terbacil flux in
water from a submerged drain in the DTL plot during a lh-day
period (March 17-31, 1975) following a 2.4-cm irrigation.
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In Fig. 51, the amounts of terbacil discharged within 14-day periods
following 16.0- and 2.4-cm irrigations (Table 24) are plotted versus the
sum of rainfall and irrigation. For the 2.4 cm irrigation terbacil discharge
was approximately the same for ST, DT and DTL plots; however, for the 16-
cm irrigation the amount of terbacil discharged was several fold larger for
the ST treatment than either DT or DTL. Data shown in Fig. 51 is for drains
with submerged outlets only. For the 16.0-cm irrigation in 1974, terbacil
discharge from open drains was only slightly greater than from submerged
drains; however, 2,4-D discharge from open drains was 2 to 3 times greater
than from submerged drains.

SUMMARY

Concentrations of terbacil and 2,4-D in the range of 0-130 ppb (ug/1)
were observed in subsurface drainage waters from ST, DT and DTL soil manage-
ment plots during the first few weeks following application of these herbi-
cides to the soil surface. These results were in agreement with earlier
laboratory work (Mansell et al., 1971) which showed that aqueous solutions
with 1000 pug/1 of terbacil could be miscibly displaced through water-satu-
rated columns of Wabasso sand. For the surface soil (0-10 cm profile depth)
peak terbacil concentrations were approximately 200 nug/l and occurred about
0.5 pore volumes after the peak concentrations occurred for applied Cl;
whereas for the subsurface (33-76 cm profile depth) soil, peak terbacil con-
centrations were 800 nug/1 and occurred at the same time as did the Cl peak.
In that same work, acarol which is a chemical analogue of chlorobenzilate
moved very little during miscible displacement through the surface and sub-
surface Wabasso soil. |In this research, chlorobenzilate was not observed
in subsurface drainage water from ST, DT and DTL soils (Table 25). A single
application of terbacil in 1974, however, was observed to increase the con-
tents of terbacil in the soil by 856, 833, and 995 ug/kg.

Discharge of terbacil and 2,4-D in subsurface drainage water followed
closely the flux of water from the drains. Relatively large water fluxes
were observed from the ST plot and thus the herbicide fluxes were greater
from ST drains than from DT and DTL drains. Thus deep-tillage appeared
to decrease losses of terbacil and 2,4-D in drainage water from this Spod-
osol.

Concentrations of 2,4-D were generally higher in drains with open out-
lets relative to those for submerged drains. This difference in concentra-
tion may be attributable to greater microbiological degradation of the 2,4-D
molecule in the water-saturated soil near the submerged drains. Terbacil
concentrations did not differ greatly between water from open and submerged
drains. Some of the half-lives reported (Table 27) for 2,4-D,terbacil, and
chlorobenzilate in soil are approximately 3-14, 150-225, and 21 days, respec-
tively. Hamaker (1972) reported characteristic times of 17 days for 2,4-D
and 184 days for terbacil as time required for 50% of applied chemical to
disappear from a soil.
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of ST, DT, and DTL soil management plots.
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Table24.

Quantities of 2,4-D and terbacil pesticides discharged in
subsurface drainage waters from ST, DT, and DTL soil man-
agement plots during l4-day periods following an irriga-
tion of 16.0 cm (plus 2.41 cm of rain) during March 16-19,
1974 and 2.4 cm (plus 2.93 cm of rain) during March 17-31,
1975. Data is presented for subsurface drains with open
and submerged outlets,

2,4-D Discharged Terbacil Diseharged
Date Drain Outlet ST DT DTL ST DT DTL
------ (g/ha)------  ------ (a/ha)-=--=--
1974 open 15.26 none 20.55 82.72 26.88 37.08
1974 submerged 7.66 3.19 8.81 80.94 24,19 20.81
1975 submerged --- -—-- --- 5.91 7.94 1.49
Table2D. Concentrations (ug/kg) of terbacil and chloro-
benzilate pexticides in ST, DT and DTL surface
soil prior to and immediately following an app-
lication of these chemicals.
Terbacil Chlorobenzilate
Date ST DT DTL ST DT DTL
(Hg/kg) (ng/kg)
February 29, 1974 558 117 146 0 0 0
March 4, 1974 1,414 950 1,141 0 0 O
fncrease 856 833 955 0 0 0
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Table 26. Total quantities of terbacil and 2,4-D discharged in subsurface
drainage water from ST, DT and DTL plots during 14-day periods
following sequences of herbicide application and irrigation.
Discharges were measured from single drain tubes which each
drained areas of approximately 0.1673 hectares.

Period Quantity of pesti-
Sampled Soil Treatment Pesticide cide discharged
(g/ha)
March 17-31, 1975 ST Terbacil (submerged*) 35.3
DT Terbacil (submerged) 47.5
DTL Terbacil (submerged) 8.9
March 6-19, 1974 ST Terbacil (submerged) 483.9
Terbacil (open*%*) Loy, 5
DT Terbacil (submerged) 144.6
Terbacil (open) 159.5
DTL Terbacil (submerged) 124. 4
Terbacit (open) 221.7
ST 2,4-D (submerged) 45.8
2,4-D (open) 91.2
DT 2,4-D (submerged) 19.1
2,4-D (open) 0
DTL 2,4-D (submerged) 52.7
2,4-D (open) 122.9
* Qutlet for drain tube was submerged

** Qutlet for drain tube was open.

Table 27. Half-lives for chlorobenzilate, terbacil, and 2,4-D pesti-
cides incubated in several soil substrates.

Chemical Substrate Half-1ife Reference
2,4-D soil (300C) 3 days Haque and Freed {1974)
2,4-D soil that has 10-14 days  Hassall (1969)

been treated
with 2,4-D for
several years

Chlorobenzilate soil (Leon and 21 days Wheeler et al
Lakeland sands) (1973)
Terbacil soit (15°C) 225 days - Haque and Freed
(1974)
Terbacil soil (30°¢C) 150 days Haque and Freed
(1974)
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SECTION VI
DENITRIFICATION IN SHALLOW- AND DEEP-TILLED SPODOSOL

EXPERIMENTAL METHODS AND PROCEDURES

The denitrification potential for the 3 tillage treatments - ST, DT
and DTL - was investigated to help explain the observed differences in ni-
trate loss in drainage water from these treatments. Denitrification as
used herein is the microbiological conversion of the NO3-N ion to nitrogen
gases, primarily Ny0 and N, and possibly NH,. This conversion occurs only
in the absence of 05 and in the presence of”a readily available source of
energy (Stanford et al., 1975) for the facultative microorganisms mediating
these reactions. Such conditions are usually associated with water-satu-
rated soil, but sometimes may occur in micro-environments within a well-
drained soil. Thus denitrification may occur in a macroscopically or seem-
ingly aerobic soil.

The redox potential (Eh) of a soil can be used as a qualitative indi-
cator of the type of reactions occurringwithin a soil since redox reactions
usually occur sequentially (Ponnamperuma, 1972). When the level of soil
oxygen is depleted to very low values, nitrate becomes an electron acceptor
in these reactions rather than oxygen.

At a pH of 7, denitrification begins at an Eh of approximately +200 mv.
The Nernst equation indicates that each decrease in pH of 1 unit should
increase the redox potential by 59 mv; therefore, at pH 5 denitrification
should begin at about +318 mv. |In reality the dependence of Eh upon pH
varies considerably and for the normal range of soil pH, i.e., pH 5 to 7,
denitrification occurs in the Eh range of +200 to +350 mv.

Ponnamperuma (1972) states that disappearance of NO,-N in flooded soil
usually follows first-order kinetics, which means that the rate of denitri-
fication depends upon the concentration of nitrate. Rates of denitrifica-
tion were also stated to be greater in nearly neutral soils than in acid
soils., Stanford et al. (1975) measured denitrification rates for 30 soils
which differed widely in pH, organic C contents, texture, etc. They reported
apparent first-order rate constants (deng?ing the fractional loss of NO3-N
per hour) ranging from 0.001 to 0.040 hr '. The rate constants increased
with increasing levels of extractable soil carbon.

A laboratory study to determine the effect of tillage treatment on
denitrification potential of soil from the experimental site was conducted.
Soil samples were taken from profiles of ST, DT and DTL treatments to a depth
of 90 cm. Selected characteristics of the soil samples are given in Table
28. Eighty-five grams of soil and 25 ml of a 50 ug/ml NO5-N solution were
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placed in a 5 ml jar. After flushing the air in the jar with inert He gas,
the jar was sealed and incubated anaerobically for periods ranging from 3

to 25 days. At selected times, redox potential and pH measurements were
made. Redox potentials were obtained using a platinum electrode. Electrodes
were slowly moved about in the sample during measurement and minimum read-
ings were recorded. The sample was then stirred under N, gas and an average

Table 28: Physical and chemical characteristics
of ST, DT, and DTL soil samples from
the SWAP citrus grove.

Soil Sample Organic
Treatment Depth pH Matter
-=cm-- ===
ST 0-30 4.6 1.68
30-66 L,2 0.31
66-81 4.3 0.22
81-90(Spodic) 4,5 2,64
DT 0-30 4.5 2,64
30"60 309 1021
60-90 L,2 1.39
DTL 0-30 5.7 1.67
30-60 5.6 1.69
30-90 5.8 1.60

Eh was taken. Each sample was then filtered and the filtrate analyzed for
NO3-N. Nitrate disappearance was attributed to denitrification.

During the intensive sampling periods of March and May, 1974, Eh mea-
surements were made on the tile drainage water and in the soil profile.
Water samples were taken from the tile line in a 100 ml container and Eh
was read immediately using a portable pH meter with a millivolt readout and
a combination pt electrode. Soil Eh values were obtained by placing con-
structed Pt electrodes (18 gauge Pt wire fused to 12 gauge copper wire) at
several depths in the soil profile during the sampling period.

RESULTS AND DISCUSSION

In the laboratory study, redox potentials of the surface (0-30 cm) sam-
ple from ST (Table 29) showed soil microenvironments capable of supporting
denitrification developing within 3 days and persisting throughout the
experiment. Redox potentials of the microenvironments are characterized
by the minimum Eh values. Nitrate in the surface horizon was essentially
depleted by the end of the experiment (Fig. 52). |In contrast, little
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Table 29:

Redox potentials observed during anaerobic incubation of the ST soil

samples.
Time, Days

Depth 0 9 19 25

avg. min. avg. min. avg. min. avg. nmin. avg. min.
S T e e e e e e e e e e e e e e IV = e e e e e e e e e e
0-30 520 Ly5 185 L65 165 Lo8 70 335 105 360 195
30-66 570 545 305 525 465 470 105 435 135 L70 155
66-81 585 605 605 605 535 640 585 L85 485 645 595
81-90 490 Lhos 375 505 425 458 365 L35 355 455 390

depletion of NO3-N occurred in the lower horizons, likely due to a lack of
an energy source as suggested by the low organic matter contents of the 30-
66 and 66-80 cm samples. The lower NO3-N concentrations noted in the Spodic
samples were due to dilution of the NO2-N solution by the high initial mois-
ture content of this sample. Even though the spodic layer sample contained
more organic matter than the overlying material, this organic matter is
apparently not in a readily availabie form (Phung, 1972).

Mixing of the soil profile.in DT and DTL plots resulted in a redistri-
bution of the organic matter throughout the top 90 cm of the soil profile.
Redox potentials of DT samples decreased to below +350 mv at all depths but
the lowest values were obtained in the surface sample (Table 30). For soil
sampled at equivalent depths, redox potentials of DTL samples (Table 31)
were lower than for DT samples. Nitrate disappearance (denitrification)

Table 30: Redox potentials observed during anaerobic incubation of the DT soil
samples.
Time, Days

Depth 0 3 6 9 19 25

avg., min, avg. min. avg. min. avg. min, avg. min.
HoCMm= e e e N e e L L L Lt
0-30 555 Los 165 L9 245 L65 315 L35 105 L4s 125
30-60 605 495 385 455 235 522 115 465 205 510 225
60-90 605  Lh5 225 485 305 ——- = 455 335 500 27
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occurred at all depths in the mixed profiles (DT and DTL) but at a much
slower rate than in the ST surface horizon (Figs. 52-54). Also, denitrifi-
cation occurred at a faster rate in the DTL samples than in the DT samples.
At this point it is not known whether this difference was due to greater
organic content or lower acidity in DTL due to liming. Rates of denitrifi-
cation obtained for the surface horizon of ST and an average of the 3 depths
in DT and DTL were 2.24, 0.4k, and 0.88 10~3/hr.

During the intensive sampling periods of March and May 1974, Eh measure-
ments were made on subsurface drainage water and soils from each tillage
treatment (Tables 32-35). Redox potential was measured in both open and sub-
merged drain lines. With the exception of DT drains there was little differ-
ence between open and submerged drains. The submerged drains in DT initially
had Eh values lower than the open lines, but these difference tended to
disappear with time. These differences are likely due to the submerged

P ST
° e 0=30cm
507 0=====0 30-66
D = ==\0
.\\ | EXXEXEEXTN | 66-81 g’.
O sseafvennsamp 81-90 i ’¢'..’0 ¢
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FIGURE 52, Concentrations of NO3~N in soil-water suspensions prepared
with soil samples removed from 0-30, 30-66, 66-81, and 81-
90 cm in the ST plot and anaerobically incubated for 24

days. The concentration of the applied NO3~N solution was
50 pg/mi.
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drains keeping the water table higher than the open drains. Why this did
not occur in ST and DTL drains is not known.

Redox levels in the soil were measured at 30-cm intervals to 100~cm depth
directly over the drain and equidistant between two drains except for ST
where measurements were made only over the drain. At 30 and 60 cm the Eh
differences between the two locations varied inconsistently. However, at 100
cm the Eh between the drains (except on March 6) was generally lower than
at the drain. Differences ranged from 10 to 425 mv and averaged 162 mv.

The soil Eh at 100-cm tended to be close to but slightly lower than the
drainage water Eh.

Redox potential of the drainage water and soil of the ST treatment
remained above the level that would be expected to favor conditions for
denitrification during both periods. This is consistent with the laboratory
investigation which showed that the surface horizon was the only place where
denitrification would occur in the ST treatment. Water was apparently

401 oT
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0} ,O~~
g- B.Z. \\\\2---o.~~~
Q 30 'c.........”..\g... — ~~}.‘~ ®
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FIGURE 53. Concentrations of NO3-N in soi1-water suspensions prepared
with soil samples removed from 0-30, 30-60, and 60-90 cm
in DT plot and anaerobically incubated for 24 days. The
concentration of the applied NO3-N solution was 50 ug/mi.
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moving through the ST profile fast enough to prevent 0, depletion and thus
the Eh remained high. Only if the water table approached the soil surface
would denitrification be expected to occur in the ST surface horizon. Such

conditions occurred only during periods of intense rainfall or prolonged
irrigation.

In the DT treatment, redox levels at 30 and 60 cm were above the range
in which denitrification would be expected. However, at 100 cm depth, values
were in the denitrification range. This is especially true for the Eh meas-

ured in soil between drains. Drainage water Eh from DT was in the upper
part of the denitrification range.

The Eh of the DTL soil at 30-cm was also above the range where denitri-
fication would be expected. At 60-cm Eh was borderline to the denitrifica-
tion range and at 100-cm it was within this range. Drainage water Eh was
again on the borderline of the denitrification range.

DTL
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| IIRTRTNY | 60_90
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FIGURE 54, Concentrations of NO3-N in soil-water suspensions prepared
with soil samples removed from 0-30, 30-60, and 60-90 cm in
the DTL plot and anaerobically incubated for 24 days. The
concentration of the applied NO3-N solution was 50 ug/ml,
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Table 31. Redox potentials observed during anaerobic incubation of the DTL soil samples.
Time, Days
Depth 0 3 6 9 19 25
avg. min. avg. min. avg. min. avg. min. avg. min.
-cm-  memeeemeseseseeemeeeeoooeo-o MY=== === e —meme o ——— e ——sle————eo

0-30 515 375 175 420 180 ko7 -15 380 15 390 145
30-60 525 455 195 365 215 380 20 L5 305 koo 305
60-90 495 345 235 - --- 4os 135 405 135 445 345

SUMMARY

Results from this study indicate that denitrification could provide a
significant sink for applied fertilizer nitrogen when rain or irrigation is
sufficient to move NO2=N to within 100-cm depth in the DT and DTL treatments.
However, if the added water is sufficient to cause continuous movement of the
NO3-N through the soil and into the subsurface drain, the residence time
required for denitrification to occur in any significant amount will depend
upon the period of time required for the NO3-N to move with soil water along
a given streamline or pathway from the soil surface to the subsurface drain,
NO3-N from fertilizer applied to the soil directly over a drain should follow
the shortest streamlines and thus may have residence times too short for
denitrification; whereas NO,-N from fertilizer applied to the soil furface
at a distance midway (9.14 M) between two drains would be expected to follow
streamlines with the maximum pathlength and with residence times much great-
er than that needed for denitrification to occur. Observed drainage responses
to irrigation and rainfall suggests that denitrification loss of NO2-N in
fertilized DT and DTL plots should be greater than in the ST plot during
subsurface drainage because of the greater rates of denitrification in the
subsoil and because of the slower flux of drainage water and thus the longer
residence times of NO3-N within the soil profile. During periods (summer
months) of much rainfall and in the absence of subsurface drainage, however,

Table 32. Redox potentials measured in subsurface drainage water during the March, 1974
sampling period.

Time!, hrs

Treatment Tile2 17 19 21 24 30 4o Le 53 64 Avg.
________________________________ MVe————m-se——---c-Ciermmmmmm-=-
ST 0 490 395 420 420 455 485 505 460 460 455
S 505 4is Lis k75 490 Lis 555 520 505 485
DT d 340 270 290 320 380 350 Loo 385 400 350
S 235 215 235 275 330 340 375 380 375 305
DTL 0 725 280 265 305 295 300 290 310 315 345
S 370 290 285 295 280 300 275 300 310 300
I0 hr = Start of irrigation, March 5, 1976
20 = Open drain; S = submerged drain

101



denitrification losses could easily occur more rapidly in the surface ST
soil than in the surface DT and DTL soils since the residence times required
for denitrification (with imposed conditions of no net soil water flow) were
2.55 and 5.10 times greater in surface DTL and DT soil than in surface ST
soil.

Table 33. In situ redox potentials of ST, DT and DTL soils
during the March, 1974 sampling period.
Electrode March 5 March 6 March 7 March 8

depth A* B* A B A B A B
inches
ST
12 660 --- 495 --- L75 --- 455 -
24 630 --- 575 --- 505 --- 535 -
36 435 --- hes  --- L6s5 -—- 545 ---
DT
12 790 475 605 465 540 555 625 515
24 750 470 555 540 455 535 540 465
36 365 305 295 325 295 230 Lis 185
DTL
12 545 590 345 455 Lh5 505 345 400
24 750 550 355 485 335 505 330 310
36 695 410 225 335 325 190 335 105
“A = electrodes placed over the drain.
B = electrodes placed between two drains.
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Table 34. Redox potentials measured in subsurface drainage water
from ST, DT and DTL plots during the May, 1974 sampling period
Timel, hrs
Treatment Tile -8 6 16 21 26 39 X €6 avg.

ST 02 415 430 435 500 458 455 480 453 520 460
s3 445 455 475 505 505 515 495 490 520 L490

DT 0 395 390 380 390 375 425 435 410 425 400

S 340 340 305 340 375 410 385 350 380 358
DTL 330 325 305 365 410 355 395 340 370 355
290 320 250 350 425 410 395 310 395 350

w O

]0 hr = start of irrigation, May 21, 1976

2Open drains

3

Submerged drains

Table 35. In situ redox potentials of ST, DT and DTL soils
during the May, 1974 sampling period.
Electrode May 20 May 22 May 23 May 24

depth A% B* A B A B A B
inches
ST
12 555 --- koo --- 4o --- k6o - ---
24 365 --- 335 --- 335 --- 335 ---
36 580 --- bos  --- 505 --- 520 ---
DT
12 635 710 530 615 485 600 420 565
24 505 L60o 350 505 345 555 275 420
36 280 -20 330 -25 370  -55 335 220
DTL
12 Leo 690 350 565 355 530 365 515
24 505 430 235 ks 255 345 255 305
36 280 255 305 265 255 245 265 190
*A = electrodes placed over drain.
B = electrodes placed between two drains.
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SECTION VI

DISTRIBUTION OF NO3-N CONCENTRATION
AND WATER PRESSURE IN A DEEP-TILLED SPODOSOL

EXPERIMENTAL METHODS AND PROCEDURES

The simultaneous transport of water and nutrients in subsurface-drained
Spodosols is particularly important to phenomena such as nutrient uptake by
plant roots, leaching loss of nutrients into nearby canals, and the overall
consideration of the use-efficiency of applied fertilizer. During June of
1975 spatial (2-dimensions) distributions of soil water pressure and concen-
tration of NO3-N were measured in DTL soil surrounding a subsurface drain.
These distributions were determined for selected times following a sequence
of fertilizer and irrigation water applications and were used to analyze
water and NO3-N movement in the soil.

Soil water tensiometers comprised of porous ceramic cups, each hydraul-
ically connected to a separate mercury manometer, and soil solution samplers
comprised of slightly larger porous ceramic cups connected to a plastic pipe
were installed in the soil at selected horizontal and vertical distances from
a subsurface drain. Tensiometer cups were placed at vertical depths of 15,
30, 60, and 100 cm in the soil directly over the drain and at 0.91, 4.57 and
9.14 m distances on both sides of the drain. The solution sampler cups were
placed at similar locations in the soil but were placed approximately 30 cm
from the tensiometer cups. All tensiometers and solution samplers were loca-
ted within a row of citrus trees which was perpendicular to the drain. Soil
water pressure was determined from readings of tensiometers, and soil solu-
tion samples were removed from the soil solution samplers. A small electri-
cal vacuum pump was used to establish a partial vacuum within the air-space
of the sampler. Six hours later the vacuum was released and a sample of the
extracted water within the sampler was removed. These samples were later
analyzed for N03-N concentration.

Soil water pressure and NO3-N concentration data was used to determine
2-dimensional graphs of water pressure and NO3-N contours in the soil effect-
ed by the subsurface drain. On the morning of June 10, 1975 a quarterly
application of 530 kg/ha of an 8-2-8 fertilizer was made. This application
contained 42.42 kg/ha of N (19.07 kg/ha of NO3-N and 23.31 kg/ha of NHy-N).
Between the period of 3:30 PM on June 10 and 1:00 AM on June 11, 3.86 cm of
irrigation water was applied to the plot. On June 12, 0.41 cm of rain
occurred.

RESULTS AND DISCUSSION

Soil water pressure distributions are given in Figs. 55-62 for 3:00 PM
on June 10, 9:50 PM on June 10, 1:10 AM on June 11, 2:15 PM on June 11, 4:00
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PM on June 12, 7:45 AM on June 13, June 16, and June 18. These distributions
show that a water table (h=0) occurred in the soil between 65 to 75 cm depth
even prior to initiation of the irrigation. Soil above those depths were
water unsaturated. Contours of equal soil water pressure can be converted

to contours of soil water content using the characteristic water data from
Hammond, Carlisle, and Rogers (1971). Prior to initiation of irrigation the
DTL soil was slowly undergoing drainage as indicated by the larger vertical
gradients for soil water directly above the drain. However, the water table

was relatively flat at horizontal distances greater than 1.5 m from the
drain,
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r IGURE 55, Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain at 3:00 PM on June 10, 1975.
Lines of equal water pressure are shown.
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FIGURE 56, Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain at 9:50 PM on June 10, 1975,

Six hours after initiation of the irrigation at 3:30 PM, the water
table (h=0) had risen to the top 15 cm of the soil profile and ten minutes
after terminating the irrigation at 1:00 AM on June 11 the entire soil pro-
file was water-saturated. During the first 13.25 hours of the post-infiltra-
tion period the soil underwent sufficient drainage to lower the water table
to a depth of 25 to 30 cm from the surface by 2:15 PM on June 11. By 4:00
PM on June 12, which was 39 hours after cessation of irrigation, the water
table was still located at a depth of 35-40 cm, indicating a very slow
drainage rate for this deep~tilled sandy soil. The relatively larger gradi-
ents of hydraulic head in the soil near the drain compared to those away
from the drain suggests the presence of a localized resistance to water flow
in the immediate vicinity of the drain (Roger, Simmons and Hammond, 1971).
Drainage is also relatively slow in this deep-tilled soil because of the
relatively small values of hydraulic conductivity (Hammond, Carlisle, and
Rogers, 1971) at water-saturation.
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By 7:45 AM on June 13, or 2.25 days after cessation of irrigation, the
water table was located at 40-45 cm depth, and by 5.5 days (June 16) after
cessation of irrigation the water table was located at 55-65 cm depth. By
June 18 or 7.5 days after cessation of irrigation the water table had re-
turned to the pre-irrigation depth of 65-75 cm. Even after 7.5 days the soil
was still undergoing a slow rate of drainage and water contents in the soil
(Hammond, Carlisle and Rogers,1971) ranged from saturation (34.0% by volume)
to approximately 27% by volume at 15 cm depth. Thus this soil water pressure
data clearly illustrate the relatively slow drainage of the DTL soil and the
corresponding high soil water contents in this deep-tilled soil. The slow
decrease of the water content in the surface 60 cm of this sandy soil is
largely respansible for better growth of citrus trees on DT and DTL plots
relative to the ST plot which drains very rapidly to give a corresponding
rapid decrease of soil water content. The slow drainage of the DTL soil
should also result in slower velocities of soil water movement which in turn
should provide slower rates of NO3-N leaching in the soil.
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FIGURE 57. Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain at 1:10 AM on June 11, 1975,
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FIGURE 58. Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain at 2:15 PM on June 11, 1975,

Distributions of NO3-N concentrations in the DTL soil are presented
in Figs. 63-67 for noon on June 10, midnight on June 10, 9:30 AM on June
11, 2:00 PM on June 11, and 10:00 PM on June 12, Prior to initiation of
irrigation (3:30 PM on June 10) NO,-N concentrations were relatively high in
the top 60 cm soil located at horizontal distances greater than 2 m from the
drain. THese concentrations were as high as 22 ug/ml as compared to concen-
trations generally less than or equal to 2 ug/ml in soil beneath 60 cm depth
and in all of the soil directly above the drain. Initial concentrations of
nitrate in the soil probably originated either as NHy=N or NO,-N from pre-
vious quarterly applications of fertilizer (the last application was 3 months
prior to this time). Since the water table at this time was approximately
at the 65-70 cm depth, the observed distributions of N03-N may be attributed
to loss of nitrogen by denitrification in the water-saturated lower portion
of the soil profile and gain of N03-N by nitrification of NHy-N previously
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adsorbed to soil particles in the water-unsaturated (and aerobic) upper 60

cm of the soil profile. The low concentrations of NO;-N in soil above the
drain coincides with the soil which usually has the targest gradients of
hydraulic head and thus the largest velocities for soil water flow for per-
iods of drainage following rainfall or irrigation events. Thus the relative-
ly rapid soil water movement in the soil above the drain during previous
rainfall events probably resulted in greater leaching of applied nitrogen

and thus the lower observed concentrations of NO3-N.

By midnight on June 10 or exactly 8.5 hours after initiation of irriga-
tion at 3:30 PM, the contour for 10 pg/ml of NO3-N in the soil solution had
moved downward from the pre-irrigation location of 40-50 cm on either side
of the drain to the 50-70 cm depth. Concentrations greater than 100 ug/ml
were located at approximately 30 cm depth at 9.14 m to the left of the drain
and at 15 cm depth between 3-7 m to the right of the drain. NO,-N concentra-
tions in the vicinity of the drain were considerably less than T0 ug/ml, how-
ever. Although the N03-N distribution clearly indicates the influence of the
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FIGURE 59, Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain at 4:00 PM on June 21, 1975.
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FIGURE 60. Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain at 7:45 AM on June 13, 1975.

infiltrating water moving the applied NO3-N downward into the soil, the
right-hand side distribution clearly was not a mirror image of the left~-hand
side as were the soil water pressure distributions.

By 9:30 AM on June 11 or 8.5 hours after cessation of irrigation, the
NO.-N concentration distribution indicates a gradual downward movement of
the NO3-N. By 13 hours (2:00 PM on June 11) after cessation of irrigation,
the concentration distributions show that the 10 ug/ml contours had progressed
to the 80-85 cm depth on both sides of the drain but was located at the 30-
35 cm depth in soil directly above the drain. Concentrations of NO,-N in
the soil solution near the drain was still much less than 10 ug/mi.” Approx-
imately 3 days (10:00 PM on June 12) after cessation of irrigation, the dis-
tribution of NO2-N was essentially the same as that on June 11 at 2:00 PM.
Thus these NO;-N distributions suggest that concentrations of N03-N in sub-
surface drainage water from DTL were low ( < <10 npg/ml) compared” to maximum
concentrations observed in the top 60 cm of surface soil greater than 2 m
distance from the drain.



Water flux and concentrations of NO2-N in water from the submerged drain
for the DTL plot are presented in Fig. 68 for the period June 10-24, 1975.
The water flux increased to a maximum value at 4:00 PM on June 11 and then
slowly decreased with time thereafter. Concentration of NO,-N in the sub-
surface drainage was initially 0.37 ug/ml on June 10 and increased to a max-
imum value of 7.02 pg/ml on June 16 at 8:00 PM. A comparison between Fig.
68 and Figs. 63-67 indicates that changes in concentration of NOs-N in sub-
surface drainage followed changes in concentration in the soil solution
immediately surrounding the drain tube.

SUMMARY

Spatial distributions of soil water pressure and NO;-N concentration in
DTL soil were determined for a period of days following a sequence of fert-
ilizer and irrigation-water applications. Relatively slow drainage occurred
after the 3.86 cm of irrigation and water flow from the drain tube had not
ceased even after 7.5 days following cessation of water application. The
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FiGURE 61. Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain on June 16, 1975,
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slow drainage provided three beneficial effects: (1) water contents in the
top 60 cm of soil remained relatively high even after 7.5 days, thus pro-
viding an optimum soil water environment for growth of citrus trees, (2)

slow drainage resulted in relatively slow changes in soil water content and
thus low flow velocities for leaching of NO3-N, and (3) during the entire

7.5 day period a water table was located at some depth in the soil, providing
an aerated zone of soil for nitrification of applied NHy-N above the water
table and a denitrification sink for NO3-N in the lower portion of the soil
near the subsurface drain.

Although NO3-N concentrations in soil solution samples extracted from
the upper portion of the soil drainage field were as high as 120 ug/mt, con-
centrations of NO3-N in the subsurface drainage water were always less than
8 ug/ml.
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FIGURE 62. Spatial distribution of soil water pressure (h) in DTL soil
surrounding a subsurface drain on June 18, 1975,
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FIGURE 63. Spatial distribution of NO,-N concentration in the solution
of DTL soil surrounding a Subsurface drain at noon on June
10, 1975. Lines of equal concentration are shown.
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FIGURE 65,

Spatial distribution of NO,-N concentrations in the solution
of DTL soil surrounding a subsurface drain at 9:30 AM on

June 11, 1975,
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Spatial distribution of NOg-N concentration in the solution
of DTL soil surrounding a Subsurface drain at 2:00 PM on
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FIGURE 67.

Spatial distribution of N02-N concentration in the solution
of DTL soil surrounding a subsurface drain at 10:00 PM on
June 12, 1975.

117



30 DTL Sail

25f

15} ~

101

Flux of Drainage Water (m3/ha/hr)

0 > 4 6 8 10 12 14 16
Time days)

14r DTL Soil

12b

10

0 > 2 6 8 10 12 14 16
Time (days)

NO5-N Concentration in Drainage Water
(ug/ml)
2
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SECTION VIII
PHOSPHORUS ADSORPTION-DESORPTION AND TRANSPORT IN SOIL COLUMNS
LABORATORY EXPERIMENTS

Selim et al. (1975) and Mansell et al. (1976) examined the dynamics of
processes which remove phosphorus from the soil solution during miscible dis-
placement of a phosphate solution through undisturbed cores of 0Oldsmar sand
(Spodosol). These cores were removed from an unfertilized and untilled area
adjacent to the SWAP citrus grove near Fort Pierce. Experimental methods and
procedures are recorded elsewhere (Selim et al., 1975 and Mansell et al., 1976).

Adsorption isotherms plotted as phosphorus sorbed, S, (ug/g of soil) ver-
sus phosphorus concentration, C, (ug/ml) in solution were linear for the A2
subsoil and highly nonlinear for the surface A} and subsurface Byp or Spodic
horizons. The isotherms extended over a C range from 0-100 ug/ml for A] and
A2 horizon materials and from 0-800 ug/ml for the Byp horizon.

Phosphorus breakthrough curves (relative concentration, C/Co, versus rela-
tive volume of effluent, V/Vy) were examined for miscible displacement of aque-
ous solutions of P and C1 anions from undisturbed cores of Ay, Ay, and By soil
materials. The relatively inert Cl anion was observed to move more rapidly
than the more chemically active P anion through all three soil materials.
Although sorption processes resulted in some retardation of the P breakthrough
curves for the Az soil, the curve shape was very similar to that for the Cl.
Breakthrough curves for P in effluent from A] and Bjp soils were assymetrical
and extensive tailing was observed for the desorption phase of the miscible
displacement.

Mansell et al (1976) used a transport equation for transport of reactive
solutes through soil to simulate P breakthrough curves for the A2 (Fig. 69)
and A (Fig;.79) soil cores. Reversible instantaneous as well as kinetic
adsorption-desorption processes gave relatively good descriptions of P trans-
port through these soils.

A MATH MODEL FOR TRANSPORT AND TRANSFORMATION OF PHOSPHORUS IN SOIL

With increasing residence time in the soil, orthophosphate-P applied to
the soil undergoes a progressive decrease in water-solubility and availability
to plants growing in the soil. Since several simultaneous chemical and phys-
ical reactions are known to transform applied P to several less-soluble forms,
Mansell et al. (1976) developed a mechanistic, multistep kinetic model to
describe both the transformations and transport of applied P during water
flow through soil.
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Phosphorus transformations were governed by reaction kinetics and con-
vective-dispersion theory was used to describe P transport in soil. Six
kinetic reactions - adsorption, desorption, mobilization, immobilization,
precipitation, and dissolution - were considered to control P transformations
between soluble, adsorbed, immobilized (chemisorbed), and precipitated
phases. A schematic diagram of the P transformations is presented in Fig. 71.
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FIGURE 69. Experimental data and predicted breakthrough curves (Mansell

et al. 1977) for phosphorus concentrations in aqueous efflu-

ent eluted from a water-unsaturated core of subsurface (AZ)
Oldsmar sand.
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The model was used to simulate P movement in a 100 c¢cm long soil column
to which a 100 ug/ml solution of soluble P was applied for a period of 2
hours at a steady water flux of 2.857 cm/hr. Water was then applied for the
next 98 hours at the same steady flux. Distributions of P in solution and
sorbed phases for a selected standard combination of values for the kinetic
rate coefficients is shown in Fig. 72. The striking feature of the solution
phase P is the very rapid attenuation of concentration with time and depth.
After the first 2 days (approximately 50 hrs.), the maximum concentration of
P in solution was only 1 ug/ml and no appreciable P in either solution or
sorbed phases occurred beneath the 36 cm depth. The time-dependency of the
kinetic reactions provided a very distinct time lag between solution and
sorbed phases of P. In Fig. 73 the total quantity of solution phase P in
the soil was observed to decrease very rapdily with time as the adsorbed,
precipitated and immobilized phases increased. Thus the kinetic transforma-
tions for P applied to this soil tends to decrease the downward movement and
thus the leaching loss of P from the column. Laboratory and field experi-
ments will be needed in the future to validate and verify the assumptions
used in this model.
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FIGURE 70. Experimental data and predicted breakthrough curves (Mansell
et. al. 1977) for phosphorus concentrations in aqueous efflu-
ent eluted from a water-unsaturated core of subsurface (A;)

Oldsmar sand,
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FIGURE 71. A schematic diagram of a mechanistic multistep mathematical
model (Mansell, Selim and Fiskell, 1977) for transformations
of P applied to soil.
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Appendix: TITLES AND ABSTRACTS FOR PUBLISHED PAPERS RESULTING FROM THIS
RESEARCH

(1) Selim, H.M., P. Kanchanasut, R.S. Mansell, L.W. Zelazny, and J.M. David-
son. 1975. Phsophorus and chloride movement in a Spodosol. Soil and
Crop Sci. Soc. of Florida Proc. 34:18-23.

Phosphate (P) and chloride (C1) movement was determined in an Olds-
mar fine sand using miscible displacement techniques for undistrubed cores
from Ay, AZ’ and By horizons. Cl mobility exceeded that of P in the Ay
and By, soils. In the Ay soil, the shape of the breakthrough curves for P
and Cl were similar. Phosphorus adsorption caused much higher retardation
in P movement in the highly sorptive A} and By, soils than in the Aj soil.
Asymmetry and excessive tailing of P breakthrough curves for the Ay and B2zh
soils suggest nonsingular as well as nonequilibrium adsorption of phosphorus.
These soils showed nonlinear adsorption isotherms. Decreasing the pore
water velocity in By, resulted in less elution of applied P but the effect
of pore velocity had negligible effects upon P breakthrough curves for Ag.
For the A} soil, less P was eluted from water-unsaturated than saturated
soil. Calculated results did not adequately describe P movement; however,
good agreement was obtained for Cl movement in all soils.

(2) Fiskell, J.G.A. and R.S. Mansell. 1975. Dependence of P sorption in
a Spodosol upon P rate, contact time, and deep tillage. Soil and Crop
Sci. Soc. of Florida Proc. 34:34-38.

Hectare-size plots of Oldsmar fine sand (Alfic arenic haplaquod)

were previously surface tilled (ST), deep tilled unlimed to 105 cm (DT), or

deep tilled with dolomite incorporation (DTL) prior to tile drainage. Sam-

ples were taken at 10 depths in 15-cm intervals. The samples were sieved
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and subjected to phosphate applications from 1 to 480 ug P/g soil in 0.01 M

CaClp. Langmuir adsorption isotherms were made on four depths from each

soil modification and also P sorption was studied at 200 ppm P/g soil level

for periods of 3 minutes, 10 minutes,2 .hours, 1 day, and 14 days. In the ST

soil, 7, 87, and 89% of 200 ppm P were retained after 24 hours by the A, B,

and BZZ horizons, respectively; in DT and DTL soils at corresponding depths,

P sorption ranged from 64 to 91%. Most of the P sorption was attributed to

spodic soil. With Byy soil, P sorption was linearly proportional on a semi-

log scale to contact time; however, with Bl, soil and both DT and DTL (0-105

cm) soil, P sorption was not linear with increase in contact time. Phos-

phate loss to drainage was probable in ST soil because of low P retention in
the A horizon and very low permeability of the By and By, horizons; in DT

and DTL, incorporation of the latter horizons provided good P sorption in the

depths.

(3) Mansell, R.S., H.M. Selim, P. Kanchanasut, J.M. Davidson, and J.G.A.
Fiskell. 1977. Experimental and simulated transport of phosphorus
through sandy soils. Water Resources Research (in press).

Reversible equilibrium adsorption-desorption relationships were inad-
equate for describing the transport of orthophosphate through water-saturated
and unsaturated cores from surface (A;) and subsurface (Ay) horizons of Olds-
mar fine sand. Using a kinetic model with nonlinear reversible adsorption-
desorption improved descriptions of phosphorus transport through these soils.
Phosphorus effluent concentrations were described best using an irreversible

sink for chemical immobilization or precipitation with a nonlinear reversible,

kinetic adsorption-desorption equation.
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(4) Mansell, R.S., H.M. Selim, and J.G.A. Fiskell. 1977. Simulated trans-
formations and transport of phosphorus in soil. Soil Sci. (in press).

A mechanistic, multistep model was developed using chemical kinetics
and mass transport theory to describe transformations and movement of ortho-
phosphate in soil. Soil phosphorus was assumed to occur simultaneously in

any of four primary phases: water-soluble, physically adsorbed, immobilized

(or chemisorbed), and precipitated. The kinetics of reactions which control

the transformation of phosphorus between any two of the four phases were

considered to be reversible and of Nth order. A range of values for the
reaction rate coefficients were used in the model to describe the transport
of applied phosphorus in the solution phase during steady water flow through

a soil initially devoid of phosphorus.

(5) Kanchanasut, Pimpan. 1974. Infiluence of soil water content and flow
velocity upon miscible displacement of phosphate and chloride in undis-
turbed cores of a Spodosol. M. Sci. Thesis, Soil Science Department,
University of Florida, Gainesville.

Excessive tailing of the desorption slope of the P breakthrough
curves indicated that desorption process was very slow at low concentration
of P for soil cores from A; and By, horizons. In water-unsaturated condi-
tions, the breakthrough curves showed that P was less mobile than for satur-
ated conditions.

The behavior of P movement in undisturbed soil cores was investigated
using miscible desplacement techniques. Undistrubed cores of 5.4 cm diameter
and 10 cm length were collected from the Ay, Ay, and Bjp horizons of non-
cultivated Oldsmar fine sand. Three flow rates were used in studies of water:

saturated flow through the Ay and A, horizons. Unsaturated flow was main-

tained with 15 and 30 cm soil water pressure in cores of A, and A, horizons



located in a specially designed air pressure chamber. Aqueous solutions of
100 ppm P as Ca(HyP0y), were displaced through aqueous 0.01 N CaSO, saturated
cores obtained from the A} and A, horizons and 1000 ppm P was passed through
cores obtained from the Bpp horizon. Chloride-36 was used as a tracer of

water movement in the soil.

Analyses of the breakthrough curves indicated that rates of P move-

ment in Oldsmar fine sand were in the order of Ay > Ay > Bjh horizon. The

movement of P in the A, horizon was similar to that for 36¢1” indicating that

P was not retained by the soil.
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