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OPTIMIZATION OF DRAINAGE LYSIMETER DESIGN
FOR FIELD DETERMINATION OF NUTRIENT LOADS
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Abstract.

 

 Pollution budgets used in Total Maximum Daily Load
allocation requires the determination of nutrient load at the
field level. Nutrient load typically is defined as a volume multi-
plied by concentration of nutrient in sample and can be deter-
mined through indirect and direct approaches. Indirect
approaches of measuring load such as nutrient flow models
and nutrient balances do not allow field-level load calculations.
Field measurements may be achieved with resin traps, soil
sampling, or leachate lysimeters. Each method requires differ-
ent calibration equations for field-level calculation of load from
actual measurements. Ideally, lysimeters should be wide
enough to collect all the water leaching below the root zone,
long enough to reflect spatial variability, deep enough to allow
for cultural practices above and prevent root intrusion, simple
to build, allow for sample retrieval, and be cost-efficient. Exist-
ing lysimeter design was improved by increasing the length of
collection container, filling the bottom part of the lysimeter
with gravel, reducing depth of installation, and/or breaking wa-
ter tension with a fiberglass wick. Lysimeter cost of fabrication
and installation was estimated at $84 for 3.05 m long units. Be-
cause nutrient load may occur during or after a crop, lysimeter
monitoring and sampling should be done year round.

 

Quantifying nutrient load from vegetable production sys-
tems is the first step towards monitoring and understanding
groundwater pollution in the field. A nutrient load is defined
as the mass of a chemical entering or leaving an area, and is
calculated as the product of the volume of water that the
chemical is transported in and the concentration of the
chemical in the water (Rice and Izuno, 2001). Our objectives
were to (1) review and compare the methodologies currently
used in load determination, (2) detail the actual calculation
of the load, and (3) identify a simple design for use in re-
search and demonstration trials on load determinations.

 

Techniques for Nutrient Load Determination

 

Nutrient load can be determined indirectly or directly.
The indirect approaches of measuring load include nutrient
flow models and nutrient balances. Nutrient flow models are
important tools for evaluating the impact of nutrient leaching
on water quality at the watershed level, and play an important
role in designing agricultural and environmental policies. For
example, nutrient models used for determination of N leach-
ing from agricultural land can be classified into statistical re-
gression models, and process-based models, such as ANIMO,
SOILN, and DAISY (Kyllmar et al., 2005). Nutrient balances
measure the difference between nutrient inputs into and out-
puts from an agricultural system (Parris, 1998), and can be
used as a tool for sustainable nutrient management (Öborn
et al., 2003). However, they are only an indirect indication of
nutrient losses in the agro-ecosystem (Oenema et al., 2003),
and seldom allow the determination of nutrient loads at the
field level. Knowledge of nutrient loads at the field level will
be needed in the implementation of the Total Maximum Dai-
ly Loads legislation (Federal Clean Water Act Section 303 d.).

The direct approaches to calculating load at the field level
are resin traps, soil sampling, or leachate lysimeters (Table 1).
The essential components of resin traps are the ion exchange
resins used to create nutrient filters, and the soil core (usually
PVC pipes filled with soil) inside which the resins are buried
(such as A400 anion exchange resin or C100 cation exchange
resin, Purolite Co., Bala Cynwyd, Pa.; Balkcom et al., 2001).
Before starting the monitoring of nutrient leaching, resin
traps are buried in the soil below the crop root zone. As water
flows through the soil layer and the soil cores containing the
resin trap, leached nutrients are intercepted by ion exchange.
After resin trap retrieval, nutrients are extracted from the resin
and quantified. This method provides nutrient quantity inter-
cepted by the surface of the resin trap which can be extrapolat-
ed to field size. Soil sampling is another method for direct load
measurement. Typically, a soil sample used for load determi-
nation consists of a 1.5 m deep soil core and divided in five sub-
samples, each 0.3 m long. A known amount of distilled water is
added to the sample to saturate it. After thorough mixing of
the sample, chemical extraction or analysis can be performed.
The chemical concentrations were converted to original field
water content basis (Ahmed et al., 2001). Nutrient load may
then be calculated provided the volume of soil wetted by irri-
gation (and where the nutrient concentration is assumed to be
homogenous) is known (Dukes et al., 2005).

The third direct technique for load determination is the
leachate lysimeter. The two main types of leachate lysimeters
are suction cup lysimeters and drainage lysimeters (Abdou
and Flury, 2004). Suction cup lysimeters consist of a porous
ceramic tip connected to an air-tight buried chamber that is
accessible through two sealed tubes. Suction cup lysimeters
are installed below crop root zones, usually between the 0.5
and 1.5 m depths. Lysimeter operation generally consists of
two steps. First, a soil-water sample is collected by creating a 40
to 50 kPa vacuum inside the chamber with a hand-held pump.
Water moves from the soil into the chamber through the po-
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rous cup because of the difference in pressures. After approx.
24 hrs, samples were retrieved using a vacuum pump (Web-
ster et al., 1993). The leachate collected from these lysimeters
was from the soil surrounding the porous ceramic tip, but the
exact volume of soil it comes from was unknown. Hence, this
technique only gives the concentration of nutrients in solu-
tion and cannot be used alone to calculate a nutrient load.
Further knowledge of the actual volume of soil the water was
collected from needs to be gained. In contrast to suction cup
lysimeters, drainage lysimeters collect leachate from
macropore flow or when the soil above the lysimeter becomes
saturated or exceeds the field capacity (Zhu et al., 2002).
These lysimeters consist of two main components: a collection
container and a storage container. The collection container is
filled with soil, and the storage container is filled with air and
holds the leachate caught by the collection container. Drain-
age lysimeters are installed below crop root zones by digging
holes in the ground, thereby disturbing the soil. The storage
container is installed below the collection container such that
the water collected inside the collection container flows into
the storage container by gravity (Migliaccio et al., 2006). The
size and shape of both containers may need to be adjusted
based on the depth of the crop’s root system and soil depth,
especially on the calcareous soils of south Miami-Dade County
(Migliaccio et al., 2006). Leachate in the storage container is
retrieved with a pump. Drainage lysimeters give both concen-
tration and volume of nutrients being leached and thus can
be used for load determination at the field level.

 

Load Calculation

 

For all techniques that measure both volume and concen-
tration, load may be expressed on a field basis. For crops
planted on bare ground, with sprinkler irrigation the conver-
sion factor represents the percentage of surface covered by ir-
rigation. In this case, the load is on a field-surface basis. For
mulched crops, with drip irrigation the correction factor rep-
resents the fraction of total length of mulch per hectare (and
therefore bed spacing) divided by the length of the collection
container. In this case, the load is defined as the basis of a
length of polyethene mulch per unit surface.

When soil samples are used, the load is calculated by mul-
tiplying nutrient concentration in each sub-sample (mg/kg
soil) by the wetted soil zone volume (m
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, Width 

 

×

 

 Length 

 

×

 

Depth), by soil bulk density, and by a correction factor for
unit homogeneity. The Length is that of mulch and the
Depth and Width are those of the wetted zone.

For techniques that measure only concentration of nutri-
ents being leached and not volume (suction cup lysimeters,
and some resin traps) nutrient load can also be calculated us-
ing the trapezoidal method. The area under a plot of calculat-
ed nutrient concentration against estimated drainage is
calculated as the sum of the areas of trapezes resulting from
successive pairs of sampling occasions (
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drainage volume between sampling occasions (
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total N leached in each sampling interval, in kg·ha

 

-1

 

 was then
given as N leached = 0.5(
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/100 (Lord and Shepherd,
1993).

 

Optimization of Drainage Lysimeter Design

 

Design directly affects load determination in two ways
because the formula of load calculation involves lysimeter
dimensions, and the efficiency of collection affects volume
of water collected. Ideally, a drainage lysimeter should have
an optimum collection area where the collection container
collects leachate from entire root zone below crop root sys-
tem being tested, and should account for plant-plant and
emitter to emitter variability (in case of drip irrigation). The
lysimeter should be buried deep enough to not interfere with
tillage operations and not to allow for root intrusion. But, the
depth should not be too great that it fails to intercept all the
vertical water flow below the root zone. Therefore, depth of
installation is an important criterion during installation of
lysimeters. Also, drainage lysimeters should not cause a
perched water table. Instead, they should allow free flow wa-
ter movement in the collection container, and from the col-
lection container to the storage container.

The development of a permanent or temporary perched
water table is likely to affect the volume of water collected and
may create favorable conditions for nitrate losses through
denitrification (Simonne and Morgan, 2005). Frequency of
leachate collection is another factor that may affect load mea-
surement. The leachate collected in the storage container
should be retrieved at frequent intervals to prevent changes
in the chemical composition of the leachate. If leachate sam-
ples are being stored before analysis, the optimum storage
conditions are at 4°C without acidification. These conditions
minimize N transformations of NO

 

2-

 

 and NH

 

4+

 

, and minimize
overestimation of NO

 

3-

 

 concentrations. Significant increases
in ammonium concentrations were seen at 20°C due to min-
eralization reactions, and significant increases in nitrate con-
centrations were seen at -20°C and acidic pH due to oxidation
of NO

 

2-

 

 (Clough et al., 2001).

 

Table 1. Advantages and limitations of different methods used for measuring nutrient loads.

Resin traps Soil sampling Suction cup lysimeters Drainage lysimeters

Advantages Space bound
Small structures
Easy to install and simple to build
Require minimal labor for 
sample collection

Not space bound
Simple procedure

Space bound
Permanent structures
Easy to install and simple to build
Require minimal labor for 
sample collection

Space bound
Permanent structures
Simple to build
Require minimal labor for 
sample collection
Give both concentration and 
volume

Limitations Underestimate load - capture 
lower than actual volumes of 
leachate
Space bound
Need to be installed every season

Gives only concentration and not 
volume
Require intensive labor for col-
lecting samples
Leaves hole in ground

Gives only concentration and not 
volume
Space bound
Protracted sampling time Inter-
fere with tillage

Lack universal design
Space bound
Hard to install
Disturb soil profile
Might interfere with tillage
Require constant maintenance
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Leachate collection efficiency may be calculated by divid-
ing total leachate volume collected by total water applied for
that time period (Zhu et al., 2002). Factors that may improve
collection efficiency are the size of the collection container,
and the presence of a wick. Previous work done with large
plate lysimeters has shown that collection container sizes of
162, 500 to 2005 cm

 

2

 

 increased collection efficiencies from
10%, 13%, to 26%-36%, respectively (Radulovitch and Sol-
lins, 1987). In a study comparing zero-tension pan lysimeters
and wick lysimeters installed at a depth of 1.3 m below the soil
surface, wick lysimeters collected 2.7 times more leachate
than drainage lysimeters did, thereby increasing efficiency.
The higher efficiency was attributed to the breaking soil water
tension by the wick (Zhu et al., 2002).

 

Proposed Design

 

Based on these considerations, a prototype lysimeter has
been designed: Larger sized collection containers were made
with a 9.1 m long, 0.6 m wide piece of polyethylene culvert
pipe (corrugated on the outside and smooth on the inside)
cut in half installed at the 0.45 m depth and 0.5% slope end-
to-end. To break soil-water tension and facilitate free-flow wa-
ter movement inside the collection container, a 5 cm-diame-
ter schedule 40 PVC pipe cut lengthwise, and riddled with 1
cm diameter holes along the length of the pipe, and with a 6
mm thick and 1 cm long braided fiberglass wicks inserted in
one hole per inch was placed on the bottom of each collection
container. The collection container was filled with 10-cm
thick layer of pea gravel covered with a plastic screen (10

 

-6

 

 m

 

2

 

pore size) and then with soil. The 213 L capacity storage con-
tainer was placed immediately under the collection container.
A 5-cm diameter PVC pipe (leachate retrieval spout) ran from
the bottom of the storage container to 10-cm above soil sur-
face. Flexible polyethylene tubing connected to a peristaltic
pump was inserted through the leachate retrieval spout for
sample retrieval. The per-unit fabrication and installation cost
of this design is estimated at $60 to $84 (based on size of col-
lection container) and requires 6 man-hours. Cost and labor
required may be reduced for large quantities of lysimeters.
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