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Abstract

Process-based computer simulation models are often used as reasoning support tools to integrate the
complex processes involved in the soil-plant-atmosphere system. The objectives of this study were
to evaluate the performance of the SWB-Sci model as a reasoning support tool for sludge management
in agricultural lands, and use the validated model to assess the long-term agronomic and
environmental implications of water availability and crop intensity on sludge-amended land. The
model was calibrated for the test crops, maize (Zea mays Pan6966) and oats (Avena sativa L.), using

data collected during the 2004/05 growing season from irrigated plots at the East Rand Water Care
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Works, Gauteng, South Africa. Model validation was performed using independent data sets collected
during the 2004/05 to 2007/08 growing seasons. The model was successfully calibrated for maize and
oats as all the statistical parameters were within the prescribed ranges [index of agreement (d) > 0.8;
relative mean absolute error (MAE%) < 20%; coefficient of determination (r?) > 0.8]. The results
indicate that SWB-Sci simulated aboveground biomass (TDM) and grain yield (GY) of maize and
oats with high accuracy (d > 0.85, MAE% < 20%, and r*> > 0.91) but with a slight overestimation by
0.2 — 4 Mg hal. The model predicted nitrate leaching and crop N uptake reasonably well (d > 0.85,
MAE% < 14%, and r? > 0.8), with slight overestimation of TDM and GY N uptake by 11 — 57 and 4
— 48 kg ha'l, respectively. Long-term model simulations indicate that fixed sludge application rate
recommendations generated from laboratory incubation studies may in the long-term result in
spontaneous excessive nitrate leaching below the active root zone during high rainfall events, if
recommendations do not consider N contribution from soil organic matter. Modelling also showed

that leaving room for rain during each irrigation event may minimize the risk of nitrate leaching.
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1. Introduction

Sludge use in agriculture has become attractive because it presents a double-barrelled solution to
improving soil fertility and reducing waste accumulation at wastewater treatment plants. Sludge has
been shown to improve the physical and chemical properties of soil and aid crop production (Boyle
and Paul, 1989; Seleiman et al., 2012; Du et al., 2012). In order to ensure that constituent elements in
sludge do not become a risk to the environment, sludge is screened for its agricultural suitability, and
limits to how much sludge can be applied to agronomic land are set by regulatory bodies. In South
Africa, a limit of 10 tons sludge per hectare per year has been set by the Water Research Commission

(Snyman and Herselman, 2006).
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Sludge is a major contributor of nitrogen; however, a large fraction of the nitrogen in sewage sludge
is in organic form (Tesfamariam, 2009) and must first be transformed to inorganic nitrogen forms
before the nitrogen can be available for crop uptake (Kelley et al., 1984). All major processes involved
in the nitrogen cycle of agricultural lands, including crop nutrient uptake, are influenced by water
availability, soil temperature, climatic factors, soil type, management practices, crop type, and
farming intensity (Tesfamariam, 2009). In addition, the processes involved in the transformation of
organic N into inorganic N are influenced by factors such as organic matter composition (Janssen,
1996), soil texture (Garau et al., 1986), soil water, and soil temperature (Leiros et al., 1999; Guntifias

etal., 2012)).

The complex interaction between the different factors involved in the nitrogen cycle of the soil — plant
system (Heimann and Reichstein, 2008) makes it difficult to extrapolate field studies across different
agro-climatic conditions and soil types (Kropff et al., 2001). Ideally, specific studies would need to
be conducted across various agro-ecological zones, soil types, sludge types, cropping systems, and
management practices (Tesfamariam, 2009). This is not only expensive but also logistically
impractical. A validated mechanistic model can, however, play a significant role in extrapolating
results by conducting scenario simulations for various types of crops grown on various soil types and

under different climatic conditions (Kropff et al., 2001).

Modelling the dynamics of nitrogen in the soil system dates back to the early 1970s (Shaffer et al.,
2001). The first integrated soil system N models were built in the USA (Dutt et al., 1972) and in the
Netherlands (Beek and Frissel, 1973). Nitrogen models vary from purely research-oriented to

management and screening-oriented tools (Shaffer et al., 2001). The level of complexity of the
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various processes included in these models differs considerably, from simple empirically based

formulations to sophisticated mechanistic approaches (Bergstrom et al., 1991).

In this study, the SWB-Sci model was selected because the water balance and crop growth modules
of the model have already been intensively validated for various field crops, vegetables and grasses
under irrigation (Jovanovic et al., 1999, Beletse et al., 2008) and dryland (Jovanovic et al., 2002)
conditions in South Africa. The SWB-Sci model is a mechanistic Soil-Water balance (Annandale et
al., 1996), crop growth/ irrigation scheduling (Annandale et al., 2000, 2003), N and P balance
(Tesfamariam, 2009; van der Laan, 2010) model. The recently added N cycle sub-routine of the SWB
model was adopted from the Cropping Systems Simulation Model (CropSyst) (Stockle et al., 2003).
This newly added N subroutine has not yet been tested for its reliability to simulate N dynamics in
sludge amended agricultural lands. The aims of this study were: a) to test the reliability of the newly
added N subroutine of the SWB-Sci model in sludge-amended soils using independent data sets, b)
to use the validated model to assess the long-term agronomic and environmental implication of water

availability and cropping intensity on sludge-amended land.

2. Materials and methods

This study required an N model that could simulate various scenarios including dryland and irrigated
systems with a range of management practices, the reason being that N management, salt management
and irrigation are inextricably linked. There is also a need to explore trade-offs between nutrient
management, optimal yields and pollution such as through nitrate leaching in sludge amended
agricultural lands. In order to test the reliability of the SWB-Sci model, a field experiment was
conducted on two cropping systems (dryland maize and irrigated maize-oat rotation) using four

sludge application rates.
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2.1 Study site description

Field experiments were conducted at the East Rand Water Care Works (ERWAT), Johannesburg,
Gauteng, South Africa. The study site is situated at an elevation of 1577 m above sea level, latitude
26°01° 01” S and longitude of 28°16” 55” E. The total annual rainfall of the area ranged between
405mm in 2006/07 and 710 mm in 2007/08, mainly during the months of October to March. The soil
of the experimental site is a clay loam, Hutton soil form (Soil Classification Working Group, 1991)

having an average clay content of 38%, and pH (H-20O) of 5.73.

2.2 Sludge characteristics

The sludge used was anaerobically digested, dried in concrete beds and was collected from Vlakplaas,
East Rand Water Care Works, Johannesburg, Gauteng, South Africa. According to the current South
African sludge guideline (Snyman and Herselman, 2006), this sludge can be used safely as a fertilizer
in agricultural lands as long as the N applied does not exceed crop demand, with the upper limit set

at 10 Mg ha* yrl. Selected properties of the sludge used are presented in Table 1.

Table 1 Selected properties of sludge used during the 2004/05 — 2007/08 growing seasons

Year
Parameter measured Unit 2004/05 2005/06 2006/07 2007/08
N % 3.032 1.884 2.219 3.094
NHs_N mgkg? 2018 4362 4 064 7 660
NOsz_N mg-kg 183 6 40 11
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P % 1.962 1.844 2.76 2.24

Total C % 23 20 21 20
K mg-kg? 3 804 710 689 1356
Ca mg-kg?! 25116 13 062 17 450 10 042
Mg mg-kg™ 5 358 591 829 1145
Cd mg-kg? 1.63 0.07 0.15 18.91
Hg mg-kg? 1.70 0.02 0.03 1.81
Cr mg-kg? 51.93 1.50 2.92 503.8
As mgkg? 7.08 0.18 0.23 17.94
Pb mgkg? 54.46 9.41 1.37 102.0
Zn mgkg? 459.9 433 20.85 2325
Ni mgkg? 23.81 1.37 0.97 144.5
Cu mgkg? 97.2 3.21 459 526.8

2.3 Experimental layout

Field plots of 25 m? were arranged in a randomized complete block design comprising four
replications of four sludge treatments and two cropping systems (dry land maize and irrigated maize-
oat rotation). The sludge treatments consisted of 3 application rates (4, 8, and 16 Mg ha* yr!) and an
unamended zero control. The trial was laid out to accommodate widely different levels of bio-solid
applications. All treatments, except the zero control, were supplemented with commercial K fertilizer
(dryland maize 60 kg ha'*, irrigated maize 100 kg ha', and oats 86 kg ha*) because municipal sludge
is a poor source of K (~0.3%). For the irrigated maize-oats rotation, the annual sludge application
rate was split into two, with half applied at planting time of maize and the remaining half at the plating
time of oats. For dryland maize, however, the full annual rate was applied at planting time. The sludge
was spread uniformly and incorporated immediately into the top 0.2-0.3 m soil layer with a manually

operated, diesel powered rotovator (Agria) and the plots were levelled using rakes. After levelling,
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maize (Zea mays L. PAN 6966) was planted in 0.9 m rows at rates of 80000 seeds per hectare under
irrigation and half this rate under dryland. Each plot consisted of 6 rows of 5 m in length, with one
border on either side. In winter, oats (Avena sativa L.) were planted at a rate of 90 kg ha'* (270 plants
m-2) using a hand-drawn planter with double disk openers. Each oats plot consisted of 15 rows, spaced

0.3 m apart and 5 m in length, with two border rows on either side.

2.4 Irrigation and rainfall

The irrigated maize-oats rotation experiment was planted under drip irrigation. The dripper lines were pressure
compensated, having a flow rate of 1.3 L h* at a working pressure range of 100 to 150 kPa. The lateral spacing
between dripper lines was 0.3 m and the spacing between drippers within a line was 0.3 m. In the absence of
rainfall, maize was irrigated 10 mm every three days for the first four weeks after planting. In 2005, this was
followed by irrigation according to the FAO crop factor method (Allen et al., 1998) in the SWB model once
every five days until harvest in the absence of rainfall. In 2007 and 2008, however, maize was irrigated on a
weekly basis according to a site-specific calibrated neutron water meter (Model 503 DR CPN Hydroprobe;
Campbell Pacific Nuclear, CA) profile deficit readings to bring soil water content back to field capacity.
During the winter season, oats were irrigated every three days (9 mm in 2005 and 10 mm in 2007 and 2008)
for the first four weeks after planting. This was followed by irrigations according to a site-specific calibrated
neutron water meter deficit readings, mostly twice a week in 2005, which was modified to a weekly bases in
2006 and 2008 because of the low weekly water use observed in 2005. The neutron water meter readings for
both crops were collected to a depth of 1.2 m. During the growing season, however, plant water extraction by
maize extended to a depth of 1.1 m, while for oats it did not go deeper than 0.6 m. Total irrigation water applied
for each crop is presented in Table 2. Weather data was collected from an automatic weather station located
100 m from the study site. Two-weekly mean temperature and rainfall data recorded during the study period

are presented in Table 3.
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Table 2 Annual irrigation application for each sludge treatment of the irrigated maize-oat rotation
during the 2004/05 to 2008/09 growing seasons, ERWAT, Ekurhuleni district Pretoria, South
Africa.

Sludge Maize Oats
application

2004/05 2006/07 2007/08 2005/06 2006/07
rate (t ha)

Irrigation applied (mm)

0 463 539 350 509 531
4 463 541 374 552 594
8 463 550 393 569 600
16 463 577 424 590 630

2.5 Soil solution sampling for nitrate analyses

Nitrate leaching was monitored by wetting front detectors (WFDs; www.fullstop.com.au) installed both at 0.3
and 0.6 m depths and located in the middle of each experimental plot of all treatments. The WFD is a funnel-
shaped instrument that converges the downward flow of water in the soil, producing saturation when the
surrounding soil reaches 2 to 3 kPa suction (Stirzaker, 2003; Stirzaker and Hutchinson, 2005). It is essentially
a passive lysimeter that signals the passing of a wetting front and stores a soil water sample as the front passes
(Tesfamariam et al., 2009). Soil solution samples collected from the wetting front detectors were then analyzed

for nitrate concentration using a C99 Multiparameter Bench Photometer (Hanna Instruments, Italy).
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Table 3 Two-weekly mean maximum and minimum temperature, mean average temperature, and two-weekly cumulative precipitation during the 2004/05
to 2008/09 growing seasons, ERWAT, Ekurhuleni district Pretoria, South Africa.

2004 2005 2006 2007 2008
Temperature Rain Temperature Rain Temperature Rain  Temperature Rain Temperature Rain
Period (°C) (°C) (°C) (°C) (°C)
Month Weeks max min ave mm max min ave mm max min ave mm max min ave mm max min ave mm
Jan. 1-2 29 16 23 111 26 17 21 51 29 13 21 47 24 15 20 59
3-4 26 16 21 56 26 15 21 57 29 14 21 24 23 14 18 148
Feb. 1-2 29 16 22 17 26 15 20 103 30 13 21 30 25 14 19 56
3-4 27 15 21 79 27 15 21 70 32 14 23 0 27 15 21 5
Mar. 1-2 27 12 20 27 24 12 18 13 30 13 22 6 24 14 19 117
3-4 25 12 18 44 23 12 18 38 27 11 19 7 22 11 16 42
Apr. 1-2 23 11 17 45 24 9 17 10 26 10 18 O 24 11 18 17
3-4 22 8 15 18 21 8 14 9 21 8 15 19 24 10 17 O
May 1-2 23 5 14 1 21 5 13 0 21 5 13 0 22 10 16 33
3-4 2 4 13 0 19 2 10 3 19 0 10 O 19 8 13 10
June 1-2 22 3 12 O 22 3 12 0 18 3 10 29 17 6 12 14
3-4 20 2 11 0 18 1 9 0 18 1 9 0 18 6 12 3
July 1-2 19 1 10 O 20 2 11 0 17 0 8 0 16 5 10 O
34 22 2 12 0 22 4 13 0 20 1 11 0 18 6 12 0
Aug. 1-2 22 4 13 0 20 3 11 10 21 2 11 ©0 20 7 14 0
34 24 7 15 0 21 6 14 30 22 4 13 0 22 9 15 0
Sep. 1-2 26 8 17 0 24 6 15 O 27 13 20 O 25 9 17 O
34 29 10 19 O 26 8 16 O 25 11 18 17 23 9 16 O
Oct. 1-2 28 10 19 O 28 12 20 O 21 10 16 85 26 12 19 O
34 29 12 20 12 31 14 22 13 22 11 16 34 27 14 20 62
Nov. 1-2 30 15 22 12 28 13 20 55 28 13 21 42 25 13 19 4 26 14 20 52
34 30 15 23 29 28 13 21 54 26 14 20 75 26 14 20 45 25 15 20 45
Dec. 1-2 28 16 22 72 26 14 20 35 30 15 22 13 23 13 18 68 27 15 21 59
34 28 15 22 64 28 13 20 68 29 17 23 121 25 14 19 12 27 15 21 67
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2.6 Plant sampling

Whole plant (above-ground biomass) samples were collected every two weeks from all plots for growth
analyses from an area of 0.45 m? for oats and 0.5 m? for maize during the 2004/05 growing season. In the
2006/07 and 2007/08 growing seasons, however, plant samples were collected only three times during the
growing season (at the eight leaf, soft dough and physiological maturity stages). At the soft dough stage, plant
samples were collected for forage yield determination from 2 m lengths of the three middle rows for maize
and 2 m lengths of the six middle rows for oats. Additional plant samples were collected at the eight leaf
growth stage, at the soft dough stage, and at crop maturity from all cropping systems for crop N and P uptake

determinations.

2.7 Growth analyses

Plant samples collected for growth analyses from maize and oats were partitioned into leaves, stems, and grain.
One sided leaf area was measured with an L1-3100 belt driven leaf area meter (LI-COR, Lincoln, NE, USA).
Leaf area index (LAI) was computed from the measured one-sided leaf area divided by the ground sampling
area. The components (leaves, stems, and grain) were then dried in a forced-air oven at 60 °C for 48 hours to

determine above-ground biomass. Above-ground biomass was calculated as the sum of leaf, stem, and grain.

2.8 Soil sampling

Soil samples were collected at the beginning of the study, before treatment application, using an auger from
the following soil depth intervals: 0-0.3 m, 0.3-0.6 m, 0.6-0.9 m, and 0.9-1.2 m layers. Additional soil samples
were collected using a core sampler to determine bulk density and hydraulic characteristics of the soil. At the
end of each growing season, an auger was used to collect three soil samples diagonally from each plot per

treatment (0-0.3 m, 0.3-0.6 m, 0.6-0.9 m, and 0.9-1.2 m layers) and for both cropping systems. The three
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samples from each layer per plot were combined and mixed to make a single homogenous soil sample per

layer.

2.9 Plant and soil chemical analyses

Total P in the sludge, soil, and plant samples as well as heavy metal contents of the sludge were determined
after wet acid digestion, using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)
(SpectroFlame Modula; Spectro, Kleve, Germany). Plant extractable soil P was analyzed using the Bray-1
extraction method, following standard procedures (Non-affiliated Soil Analyses Work Committee, 1990). Soil
and plant samples were ground to pass through a 150 um screen and analyzed for total C and N content using
a Carlo Erba NA1500 C/N analyzer (Carlo Erba Strumentazione, Milan, Italy). Soil samples were extracted in
1:51 M KCl and tested for ammonium and nitrate contents with the Lachat Autoanalyzer (Lachat Quick Chem

Systems, Milwaukee, WI, USA).

2.10 Model description

The SWB model is a mechanistic crop growth and irrigation scheduling model developed from the NEWSWB
model of G.S. Campbell (Washington State University, Pullman, WA, USA). It is a one-dimensional, daily
time step generic model that uses soil, weather and crop units to mechanistically carry out crop growth and
soil water and salt balance simulations. Details of the crop growth and irrigation scheduling modules of the
SWB model can be found in Annandale et al. (1999) and Annandale et al. (2000). The N sub-module of the
SWB-Sci model follows similar approaches to that of the Cropping Systems Simulation Model (CropSyst)
(Stockle et al., 2003). The nitrogen balance in SWB-Sci model includes nitrogen transport, nitrogen
transformations, ammonium sorption and crop nitrogen uptake. The mineral nitrogen budget for SWB-Sci
model has separate budgets for nitrate and ammonium. Inorganic nitrogen transport within the soil system is
simulated using a daily time step approach followed by Corwin et al. (1991). SWB-Sci model simulates
nitrogen transformation processes (net mineralization, nitrification, and denitrification) using first order

kinetics and ammonium sorption is simulated using the approach presented by Stockle and Campbell (1989),
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while symbiotic N fixation is based on Bouniols et al. (1991). Crop nitrogen uptake is modelled using a
modified version of the Godwin and Jones (1991) approach, where crop nitrogen uptake is determined as the
minimum of crop nitrogen demand and potential nitrogen uptake (Stockle etal., 1994). A detailed description
of the N module, including the major nitrogen transformation processes (mineralization,
immobilization, nitrification, and denitrification) can be found in Stockle et al. (2003). After inclusion

of the N module the SWB model was renamed to the SWB-Sci model.

Field data collected during the 2004/05 growing season from the nutrient and water non-limiting
treatment (irrigated 16 Mg ha™* sludge treatment) was used to determine specific crop parameters for
maize (Zea mays cv. PAN6966) and oats (Avena sativa) to calibrate the SWB-Sci model. Parameters
such as specific leaf area, leaf-stem partitioning factor, thermal time requirements, maximum root
depth, maximum crop height, dry matter-water ratio, radiation use efficiency, canopy extinction
coefficient, stem to grain translocation, top dry matter at emergence, harvestable dry matter, and
maximum grain N concentration were determined from field data according to procedures provided
by Annandale et al. (1999). The remaining parameters were obtained from literature. The values for

the above-mentioned parameters can be found in Tesfamariam (2009).

Selected measured variables (total aboveground biomass, grain yield, leaf area index, aboveground
biomass N uptake, and grain N uptake) from the 2004/05 growing season were used to test model
calibration accuracy, using statistical parameters proposed by De Jager (1994) as presented in Table
4. Model validation was conducted using three season’s independent sets of variables collected from
the 8 Mg ha! sludge treatments of both dryland maize and irrigated maize-oat rotation during the
2004/05 growing season and from the 8 and 16 Mg ha* sludge treatments of both dryland and
irrigated maize-oat rotation during the 2006/07 and 2007/08 growing seasons. The upper sludge

application norm of 8 Mg ha* and double the norm (16 Mg ha*) were used to validate the SWB-Sci
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model because of the increased potential for nitrate leaching from such high rates, and also because

the N supply from the 4 Mg ha! was too low to trigger nitrate leaching.

Table 4 Model evaluation statistical parameters with their reliability criteria (after de Jager, 1994)

Statistical parameter Retlial?ility
abbreviation Extended meaning of abbreviation criteria

R? Coefficient of determination >0.8

D Willmott (1982) index of agreement >0.8

MAE(%) Mean absolute error expressed as a percentage of the <20
° mean of the measured values

3. Results and discussion
3.1 Model calibration

The model was calibrated using data collected during the 2004/05 growing season from the 16 Mg
ha! irrigated maize-oat rotation treatment. Most of the simulated values for the selected variables of
interest agreed closely with measured values (Fig. 1) and all the statistical parameters were within the
ranges prescribed by De Jager (1994) (Table 5). Therefore, the model was calibrated successfully for
both maize and oats. Maize aboveground biomass was underestimated towards the end of the season.
Nevertheless, the difference between the simulated and measured values was not statistically
significant and all the statistical parameters were within the ranges of acceptable accuracy as
prescribed by De Jager (1994) (Table 4). Similarly, maize above-ground N uptake was
underestimated towards the end of the season, most probably due to the underestimation of above-

ground biomass. This was also indicated by a high RMSE (52.74 kg N ha't). Model simulation results
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for oat LAI, aboveground biomass, grain yield, aboveground biomass N uptake and grain N uptake

were also estimated with acceptable accuracy.

Table 5 Statistical parameters of SWB-Sci model calibration simulations for maize and oats leaf
area index (LAI), aboveground biomass (TDM), aboveground biomass N uptake (TDM N uptake),
grain (GY), and grain N uptake (GY N uptake) for data collected during the 2004/05 growing
season

MAE
Variable n D RMSE (%) R?
Maize
LAI 10 0.94 0.82 7.79 0.98
TDM 10 0.98 2.18 7.4 0.99
TDM N uptake 4 0.92 52.74 8.47 0.99
GY 6 0.88 1.72 9.72 0.95
GY N uptake? 4 0.99 12.82 3.71 0.99
Oats
LAI 7 0.92 0.38 17.06 0.93
TDM 7 0.92 1.52 15.18 0.99
TDM N uptake 4 0.95 13.19 6.73 0.98
GY 3 0.9 0.77 17.39 0.95

8GY N uptake by irrigated maize and oats for the irrigated maize-oat rotation double cropping system

was combined for statistical analyses due to few data points measured for oats.

3.2 Model validation

The SWB-Sci model was validated using independent data sets collected from the 8 Mg ha™* sludge
treatments of each cropping system during 2004/05 and from the 8 and 16 Mg ha™* sludge treatments
of both cropping systems during the 2006/07 and 2007/08 growing seasons. Measured data from each
sludge treatment of a given cropping system across years was pooled together for statistical analyses,

when validating the model. Similar variables used in the model calibration (LAI, above-ground
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biomass, grain, and above-ground biomass grain N uptake) were used to validate model accuracy.
Generally, the model predicted the variables of interest reasonably well under dryland and irrigated

conditions and with different sludge application rates.
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Fig.1. Simulated (solid lines) and measured values (symbols with standard deviation) for (a) maize and oats leaf area index (LAI); (b) aboveground biomass
(TDM) and grain yield (GY), and (c) total aboveground biomass N uptake (TDM N) and grain N uptake (GY N), planted under water and nutrient non limiting
condition during the 2004/05 growing season
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Most of the statistical parameters were within the ranges of acceptable accuracy (Table 6; Figs. 2 —

4).

Table 6 Statistical parameters of SWB-Sci model corroboration for maize and oat leaf area index
(LALI), aboveground biomass (TDM), aboveground biomass N uptake (TDM N uptake), grain (GY),
and grain N uptake (GY N uptake) pooled data collected during the 2004/05 to 2007/08 growing
seasons.

MAE
Variable n d RMSE (%) R?
Dryland maize 8 Mg ha per annum sludge treatment
LAI 11 0.80 0.38 29 0.98
TDM 16 0.87 2.37 20 0.99
TDM N uptake 9 0.85 31.00 17 0.93
GY 10 0.87 1.10 20 0.91
GY N uptake 6 0.88 17.00 14 0.99

Irrigated maize-oat rotation 8 Mg ha per annum sludge treatment

LAI 25 0.82 1.00 12.22 0.98
TDM 26 0.97 2.55 10.68 0.99
TDM N uptake 17 0.92 44.01 14.00 0.96
GY 17 0.95 1.17 7.00 0.98
GY N uptake 10 0.89 41.26 14.00 0.95

Irrigated maize-oat rotation 16 Mg ha™* per annum sludge treatment

LAI 23 0.94 0.71 18 0.96
TDM 29 0.94 2.69 15 0.97
TDM N uptake 15 0.89 43.00 15 0.97
GY 18 0.92 1.59 16 0.97
GY N uptake 10 0.90 31.71 15 0.97

Page 17 of 38



There were, however, a few exceptions, such as the LAI, TDM, and GY of the 8 Mg ha* dryland
maize treatment, where the model significantly underestimated LAI and TDM during the 2004/05
and 2007/08 growing seasons and GY during 2004/05 and 2005/06 (Fig. 2 a, b). This resulted in a
slightly higher MAE (%) value of 29% for the LAI and 20% for both TDM and GY, compared with
the prescribed range of < 20%. The predictive capability of the SWB-Sci model to simulate nitrate
leaching was tested using linear regression by plotting nitrate leachate collected from 30 and 60 cm
soil depths (using WFDs) against model predicted values at similar depths. The model showed
reasonable accuracy in predicting leaching of nitrates in sludge-amended soil (Fig. 5) and therefore

proved to be a reliable tool to investigate this phenomenon.

3.3 Scenario Modelling for Selected Cropping Systems

Having established the reasonable accuracy of the SWB-Sci model, scenario simulations were
conducted to highlight the long-term agronomic and environmental implications of water availability
and farming intensity on sludge-amended land. The following scenarios have been tested: a)
rainfall/irrigation implications on sludge amended land. In this scenario the effect of water availability
through rainfall and/or irrigation on crop yield, nutrient uptake as well as nitrate leaching from a clay
loam soil treated with 10 Mg ha sludge was investigated. Similarly, the effect of two irrigation
strategies has been investigated (Irrigating every fifth day to fill the root zone to field capacity,
irrigating every fifth day 20 mm less than what is needed to fill the root zone to FC leaving 20 mm
room for rain). b) Farming intensity implications for sludge application rates. In this scenario the
effect of farming intensity on annual crop production, crop nutrient utilisation and nitrate leaching
per unit area from clay loam soil treated with 10 Mg ha™* sludge were investigated. Historical weather
data from OR Tambo international airport in Johannesburg, South Africa were used for the long-term

simulations.
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Fig.2. Simulated (solid lines) and measured values (symbols) of (a) leaf area index (LAl); (b)
aboveground biomass (TDM) and grain (GY); and (c) total aboveground biomass N uptake (TDM N) and
grain N uptake (GY N), for the 8 Mg ha* per annum sludge-treated dryland maize during the 2004/05 to
2007/08 study period.
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per annum sludge-treated irrigated maize-oat rotation during the 2004/05 and 2007/08 study period.

3.3.1 Rainfall/irrigation implications on sludge-amended land

In certain areas rainfall is sufficient to grow crops during most times of the year. In other areas

however, prolonged dry conditions make irrigation necessary. Sludge application rates will have to
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consider whether sludge-amended land is irrigated or rainfed because nutrient release from sludge is
affected by moisture conditions (Agehara and Warncke, 2005). Moreover, crop growth and nutrient
uptake response to sludge application rate increases with the availability of water (Binder et al., 2002;
Tesfamariam, 2009). This was also well demonstrated by model simulations of 38 years, where maize
forage and grain yield was higher under irrigation than dryland farming (Fig. 6). The only exception
was the wet 1986/87 season, where yield was similar for both dryland and irrigated systems. It is
noteworthy that crop yield under an irrigated cropping system remained consistent across years. In
contrast to this, forage and grain yield of dryland maize varied across years, with the lowest yields

during the 2006/07 growing season, mainly due to low rainfall (350 mm).

Generally, maize forage and grain N uptake was higher under irrigation than dryland farming (Fig.
7). Similarly, dryland maize N uptake was high during high rainfall years and low in low rainfall
seasons. This was mainly attributed to the direct relationship between water availability, N release

from sludge, and crop N uptake.

It is evident from the simulation graphs that it might be easier to match nutrient demand and supply
of crops under irrigation than under dryland conditions. This is because there is a direct relationship
between water availability, N release from sludge, and crop N uptake. Under dryland cropping
systems, where rainfall is erratic, the amount of nutrients that could be utilized by a crop varies
depending on the availability of rainfall. At the same time, the availability of rainfall influences the

release of nutrients from organic matter.
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Although the availability of nutrients is essential for optimal crop production, amounts exceeding
crop requirements and/or poor irrigation management strategies could cause severe environmental

impacts through leaching or runoff (Esteller et al., 2009; Blum et al., 2013).
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Fig.6. Simulated forage and grain yield of (a) irrigated and (b) dryland maize planted to a clay loam
soil treated with 10 Mg ha yr? sludge
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Simulations show that irrigating at specific intervals according to crop requirement to fill the profile
to field capacity resulted in frequent but relatively low nitrate leaching from maize fields (Fig. 8a).
In this specific scenario, the main cause for the nitrate leaching was rainfall events which followed
after irrigation. There were also a few other instances where single high rainfall events caused
leaching of nitrate below the active root zone. This is in agreement with previous findings by Arbat
et al. (2013), who reported that most nitrate leaching was associated with high precipitation events

that produced drainage losses and nitrate leaching from pig slurry treated irrigated maize.
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soil treated with 10 Mg ha yr sludge
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In contrast, there were very few nitrate leaching events during the same time period under dryland
maize production (Fig. 8b). The N fluxes during those few leaching events were, however, enormous
(about 400 kg ha* d1). Rapid flushes of nitrate following rewetting of dry soil is believed to originate
from lysis of microbial cells, residual nitrate stored in soil but not taken up by plants as the soil dried
out (Halverson et al., 2000; Fierer et al., 2003; Mian et al., 2008) or changes in microbial activities
and diversity (Fierer et al., 2003). In addition, nitrate accumulation in the 0.9-1.5 m soil profile of the
dryland maize increased over time, indicating a potential future environmental threat through leaching
(Fig. 9b). Similar findings were reported by Yague and Quilez (2010) from maize trials fertilised with
pig slurry in a drainage lysimeter. According to these authors, an enrichment of mineral N was
observed in the lower layers in the following growing seasons due to the downward movement of N.
The high inorganic N accumulation observed in the soil profile of the dryland maize is in contrast
with the irrigated maize, which had relatively low nitrate accumulation throughout the profile (Fig
9a). Generally, the median value of nitrate leaching from our study under dryland maize (97 kg ha*)
falls within the ranges reported by Yagiie and Quilez (2010) (31-241 kg ha?) from a sandy loam soil

planted to maize that received 30, 60, and 120 Mg ha* pig slurry for four consecutive years.

The frequent nitrate leaching reported under irrigated maize could, however, be minimized through
the adoption of better irrigation strategies, such as leaving room for rain during each irrigation event.
SWB-Sci simulations showed that less nitrate leaching will occur when room is left for rain than
when land is irrigated to field capacity, without compromising crop yield (Fig. 10). In addition,
including the residual NO3z and NH4 from previous seasons stored in the root zone into N fertilizer
management practices (Cameira et al., 2003) could also play a significant role to minimise nitrate

leaching, especially at the early growth stage before full crop root development.
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Fig.9. Simulated nitrate accumulation in the soil profile of (a) irrigated maize and (b) dryland maize
planted to a clay loam soil treated with 10 Mg ha* yr sludge.
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3.3.2 Farming intensity implications on sludge application rates

Intensive cropping systems improve land productivity by increasing the number of harvests per year
as long as the water and nutrient demand of crops are satisfied. Hence, sludge guidelines which do
not consider these complex matrices could either affect crop yield, the environment or both. For
instance, maize forage yield was lower under an intensive irrigated maize-oat rotation (15 — 30 Mg
ha') (Fig. 11) as opposed to irrigated maize alone (32.6 —39.9 Mg hal) (Fig. 6) in 24 out of 38 years
when 10 Mg ha yr? sludge was applied to both cropping systems. This was mainly attributed to the
deficiency of nutrients, especially N, under the irrigated maize-oat rotation (Fig. 12) as opposed to

the irrigated maize alone (Fig. 7).
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rotation planted to a clay loam soil treated with 10 Mg ha yr? sludge
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Model simulations show that nitrate leaching was higher under irrigated maize alone than an irrigated
maize-oat rotation (Fig. 13). This was mainly due to extra N uptake by oats during the winter season
from the rotation, minimising the potential for nitrate leaching, which could occur in early summer
before active maize root development. Hence, sludge guidelines should consider dynamic reasoning
support tools (models) that consider the intensity of the cropping system for optimal crop production

with minimal environmental impacts.
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Fig.13. Simulated nitrate leaching from irrigated maize and irrigated maize-oat rotation planted to a
clay loam soil treated with 10 Mg ha* yr? sludge.

4. Conclusions

The SWB-Sci model was successfully calibrated for maize and oats. The model simulated both dry
matter production and crop N uptake with acceptable accuracy. Model validation conducted using

independent data sets also proved the accuracy of the model in simulating the above-mentioned
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variables under varying nutrient and water supply conditions, showing great promise as a reasoning

support tool.

It was apparent from the long-term model simulation results that dryland farming systems with erratic
and unpredictable rainfall conditions are prone to high environmental risk from nitrate leaching in the
absence of site specific sludge application rate recommendations. According to the modelling
scenario simulations, fixed annual N release rate recommendations, which are common in many
countries of the world, often are not adjusted according to the availability of water and therefore are
potentially vulnerable to nitrate leaching risks. Moreover, sludge application rate recommendations
should take into account not only the residual soil inorganic N (NOs and NHs), but also the
contribution from soil organic matter, especially in soils which received sludge for decades. Under
irrigated systems, most of the nitrate leaching took place when irrigation was applied to refill the soil
profile back to field capacity. The strategy of leaving room for rain during irrigation, however,
substantially reduced nitrate leaching losses and saved water without compromising crop yield. These
model scenario simulation findings emphasize the role that dynamic reasoning support tools (models)
could play in sludge application rate recommendations to optimize crop production and minimize

environmental impacts.
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