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The crop models in the Decision Support System for Agrotechnology Transfer (DSSAT) have served world-
wide as a research tool for improving predictions of relationships between soil and plant nitrogen (N)
and crop yield. However, without a phosphorus (P) simulation option, the applicability of the DSSAT crop
models in P-deficient environments is limited. In this study, a soil-plant P model integrated to DSSAT was
described, and results showing the ability of the model to mimic wide differences in maize responses
to P in Ghana are presented as preliminary attempts to testing the model on highly weathered soils.

g?;ﬁ?rdy The model simulates P transformations between soil inorganic labile, active and stable pools and soil
Modeling organic microbial and stable pools. Plant growth is limited by P between two concentration thresholds
Phosphorus that are species-specific optimum and minimum concentrations of P defined at different stages of plant
Plant growth. Phosphorus stress factors are computed to reduce photosynthesis, dry matter accumulation and
Simulation dry matter partitioning. Testing on two highly weathered soils from Ghana over a wide range of N and
Soil P fertilizer application rates indicated that the P model achieved good predictability skill at one site

(Kpeve) with a final grain yield root mean squared error (RMSE) of 535 kg ha~'and a final biomass RMSE
of 507 kgha~'!. At the other site (Wa), the RMSE was 474 kg ha~! for final grain yield and 1675 kgha~! for
final biomass. A local sensitivity analysis indicated that under P-limiting conditions and no P fertilizer
application, crop biomass, grain yield, and P uptake could be increased by over 0.10% due to organic P
mineralization resulting from a 1% increase in organic carbon. It was also shown that the modeling phi-
losophy that makes P in a root-free zone unavailable to plants resulted in a better agreement of simulated
crop biomass and grain yield with field measurements. Because the complex soil P chemistry makes the
availability of P to plants extremely variable, testing under a wider range of agro-ecological conditions is
needed to complement the initial evaluation presented here, and extend the use of the DSSAT-P model
to other P-deficient environments.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The role of phosphorus (P) in the soil-plant continuum has been
a central topic of research for many years. In both natural and agri-
cultural ecosystems, the quantity of P available for plant uptake
is generally low due to the low solubility of P compounds present

Abbreviations: Dap, days after planting; DSSAT, Decision Support System for
Agrotechnology Transfer; EPIC, Erosion Productivity Impact Calculator; FOM, Fresh
Organic Matter; LCS, Lack of positive Correlation weighted by the Standard devia-
tions; MSE, Mean Squared Error; RMSE, Root Mean Squared Error; SB, Squared Bias;
SDSD, Squared Difference between Standard Deviations; SOM, Soil Organic Matter;
SOM1, active pool of SOM; SOM2, slow pool of SOM; SOM3, stable pool of SOM.
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in soils (Sharpley et al., 2003). While plant growth has often been
maintained in undisturbed ecosystems through natural cycling of P,
agricultural ecosystems, where the ecological balance of P has been
displaced, have developed P deficiency (Brady and Weil, 2002).

In many developing countries, land degradation has been
reported as the main environmental concern caused by soil P defi-
ciency (Buresh et al., 1997). The inability of the soil to support
adequate crop productivity and natural vegetation regrowth in
agricultural systems can result in reduced land cover and increased
vulnerability to soil erosion. Low soil P also inhibits leguminous
plants’ ecological function of fixing N biologically (Brady and Weil,
2002). To replenish P exported in harvested crops and maintain
adequate crop growth in agro-ecosystems, a number of soluble
forms of P have been developed and the bulk of evidence indi-
cates that P availability to crops in agro-ecosystems has been
enhanced by application of these P fertilizers. Increasing envi-
ronmental concerns, especially in many industrialized countries
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where soils have developed high P levels resulting from many years
of over-fertilization with P (FAO, 2003), have led to studies that
showed substantial losses of applied P through leaching via macro-
pore water flow (Sinaj et al., 2002) or by transportation in runoff
and erosion. Transported or leached P is deposited at offsite loca-
tions and underground waters and in many instances can become
detrimental to the aquatic ecology through enrichment of water
bodies and eutrophication (Sharpley et al., 2003).

While the issue of P limitation to crop growth is largely resolved
in industrialized countries with the focus of P research shifting
to environmental concerns, this is not the case in many tropical
regions with rapidly expanding agro-ecosystems in response to
population growth. The highly degraded soils rich in sesquioxides
(oxyhydroxides of Fe and Al) often have available P below 9 mg kg !
(Acquaye and Oteng, 1972), attributed to advanced weathering and
high P fixation capacities. Abekoe and Tiessen (1998) observed that
lateritic nodules in many tropical soils form sinks that fix signifi-
cant quantities of P and often render P applications un-economical
because large quantities of P are required to quench the fixation
capacities. Assuming that a solution P of 0.25 mgkg~! can be con-
sidered adequate for crop growth (Brady and Weil, 2002), then
the soil solution P must be replenished about 80 times during the
season to meet a 40kgha~! crop P requirement. The high costs
of P fertilizers prohibit the application of adequate amounts of P
required to achieve yield increases. Thus, P deficiency continues to
limit tropical crop yields. In maize, studies have shown that leaf
appearance rate is delayed, expansion is restricted, and silking is
delayed under P deficiency, with a resultant reduction of light cap-
ture and conversion to growth (Usuda and Shimogawara, 1991;
Singh et al., 1999; Colomb et al., 2000).

In view of the low P application to augment the solution P
in an attempt to restore the ecological balance of P in low-input
tropical agro-ecosystems, the contribution from organic sources
must be re-assessed, since crop productivity is mainly governed
by soil inherent fertility, with any external P application coming
mainly from residue addition to the soil. It has been shown that
organic P can constitute more than 35% of the total P of tropical
soils (Abekoe and Tiessen, 1998). This latter component is largely
overlooked in many P studies. Understanding the organic P dynam-
ics and its role in P nutrition of crops and agro-ecosystems can be
enhanced via mathematical modeling approaches. Many studies
have demonstrated the utility of models in studying inorganic P
dynamics (Tinker and Nye, 2000; Janssen et al., 1987; Wolf et al.,
1987). These types of studies have been used to assess the recovery
of P fertilizer in the year of application and its residual effect in the
following years. Other P models such as that by Jones et al. (1984),
a component of the Erosion Productivity Impact Calculator (EPIC)
crop growth model (Williams et al., 1989), focused on P adsorption
processes with the general aim of prediction P losses in sediments.

To date, only few P models consider the dynamics of both the
inorganic and organic P forms in crop nutrition. Notably among
these is the model described by Daroub et al., 2003. This model was
an initial attempt to simulate P in the Decision Support System for
Agrotechnology Transfer (DSSAT, Jones et al., 2003), a suite of more
than 16 crop models and strategic analysis programs that have
known successful worldwide applications for water and nitrogen
limitations assessment in crops. As with many soil-plant models,
a major challenge in describing the dynamics lies with the cor-
rect estimation of the nutrient pool sizes and the rates of change
of the pools. In this study, we seek to improve the simulation of
maize growth and yield in P-deficient agricultural systems using
DSSAT version 4.5 by deriving new algorithms and methodologies
for initializing both inorganic and organic P pools. Specifically, (1)
the CENTURY model (Parton et al., 1988) was adapted for organic P
dynamics and integrated with the original version of the soil-plant
P model by Daroub et al. (2003), and (2) regression equations link-

ing resin extractable P and other forms of soil extractable P (like
Bray1 and Olsen methods) were derived from Sharpley et al. (1984,
1989) and Singh (1985) to improve the initialization of inorganic
and organic P pools. In addition, three other important modifica-
tions were added to the model: (1) partitioning the inorganic P
pools into two soil volumes, a soil volume that is within a radius
adjacent to roots and the remaining bulk soil in such a way that
only P present in the proximity of roots is taken up by the plant;
(2) the rates of inorganic P transformation depend on soil cate-
gory (calcareous, slightly weathered and highly weathered) and soil
properties and (3) the equilibrium P concentration in the soil solu-
tion available for plant uptake is related to soil texture, soil water
and soil organic matter factors.

The primary objective of this paper was to present the
redesigned soil and plant DSSAT-P model with the modifications
described above. Results showing the ability of the model to mimic
wide differences in maize responses to P in Ghana are also pre-
sented as preliminary attempts to testing the model on highly
weathered soils.

2. Materials and methods
2.1. Soil P modules description

The soil-plant P model is comprised of two soil modules (inor-
ganic and organic) and one plant module (Fig. 1). The main structure
of the model shows a partitioning into two main compartments:
(i) inorganic P, (ii) organic P, with plant uptake bridging the two.
The net P mineralized from the organic compartment feeds into
the inorganic compartment. In the inorganic P compartment, P
processes are further divided into the “Root” soil region (the soil
volume currently explored by roots and is a function of the root
length density) and the “NoRoot” region. A number of P transfers
occur between and within the various compartments as shown in
Fig. 1.

2.1.1. Soil inorganic P pools and processes

Within the inorganic compartment, P exists in three pools
(labile, active and stable) in both the Root and NoRoot regions. The
transfers among the pools can be described as follows:

P;(labile — active) = Kia x Piapie (1)
P;(active — labile) = Ka; x Piactive (2)
P;(active — stable) = Kas x Piactive (3)
Pi(stable — active) = Ksa x Pistapie (4)

where the P transfer has units of mgkg=—! day='; Pjapite, Piactive and
Pistaple TEPTEsent, respectively, the inorganic labile, active and stable
P pools (mgkg1); the coefficients K;4, Ka;, Kas, and K, are the
respective transformation rate constants (day~!, Table 1) and the
arrows show the direction of the flows. The numerical values of K} 4,
Ks; and Kus depend on the P availability index (Singh, 1985). The
rate constants K4, K4, and Ky are calculated as follows:

1 =Py, 0.5
Kia = 0.03 x (M) -
PAvaillndex
K,
Kar = ?LA x PAvaillndex (6)
KAS = 9(71'77XPAvaillndex)*7-05 (7)

where Payqiimdex = P availability index, a 0-1 multiplier, calculated as
a function of soil calcium carbonate content (for calcareous soils),
total base saturation, P;;gpi. and pH (for slightly weathered soil),
and clay (for highly weathered soils) (Singh, 1985). The rate con-
stant Kg, has a fixed value of 0.0001 day~! (Jones et al., 1984).
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Fig. 1. Summary of processes in the integrated soil-plant phosphorus model in DSSAT. Arrows indicate the directions of flows.

Application of P fertilizer to the soil leads to the creation of con-
centric pockets of nearly saturated solution of P fertilizer material
around the fertilizer granules (Wolf et al., 1987) that would even-
tually be transformed into more stable forms (Janssen et al., 1987;
Schmidt et al., 1996). In the DSSAT-P model, applied P is directly
added to the labile and active inorganic pools. A P availability func-
tion, which is the fraction of fertilizer that enters the labile pool,
determines the rate of replenishment of the solution P. Also, the
model simulates the effect of P fertilizer application method and
placement by assuming that band placement adds the fertilizer
directly to the Root soil region while broadcasting and other meth-
ods would uniformly distribute the applied fertilizer in the Root
and NoRoot soil volumes. As new roots grow, the sizes of the Root
and NoRoot soil change as well as P available to the roots.

2.1.2. Soil organic P pools and processes

Soil organic P emanates from the dynamics of soil organic mat-
ter (SOM). Hence some aspects of SOM are reviewed here. Briefly,
the SOM exists in several pools such as surface litter, fresh organic
matter (FOM), active pool (SOM1) which is comprised of the micro-
bial biomass and other easily oxidizable soil carbon, the slow pool
(SOM2) which is partially protected by macro-aggregation, and the
stable pool (SOM3) which is protected by physico-chemical inter-
actions with the soil colloids. The dynamics of these pools have
been detailed in models such as CENTURY (Parton et al., 1988) and
DSSAT-CENTURY (Gijsman et al., 2002). Our focus here is how P
flows as the SOM mineralizes.

The general transfer of P from any one pool (A) to another (B) is
described by:

CFlowA
Ca

where PFlowA and CFlowA are flows of P and carbon out of pool A,
and P, and C4 are masses of P and carbon in any pool A (Table 1).
The mass of P in each of the SOM pools is defined at model ini-
tialization by estimating the sizes of these pools. Currently, this is

PFlowA = Py x (8)

accomplished in DSSAT on the basis of field cultivation history and
soil texture.

The carbon flow out of any one pool A (CFlowA) depends on a
host of factors such as tillage, soil water content and temperature
and the general relationship is of the form (Gijsman et al., 2002):

CFlowA = C4 x DECOM), x CULT, x DEFAC x OTHER (9)

Tables 1 and 2 present the definition of model parameters
and variables and maximum decomposition rates of various pools,
respectively.

Generally, the model uses the flow of carbon (CFlowAB) and P
(PFlowAB) from pool A to pool B and the C to P ratio of the receiving
pool (CPB) to determine whether mineralization or immobiliza-
tion of P should occur. First, an expected flow of P, which is the
allowable amount of P that can enter pool B without modifying
its C to P ratio, is calculated as equal to (CFlowAB/CPB), and this
is compared with the actual amount of P flowing with the carbon
(PFlowAB). An immobilization of P from the inorganic labile pool
(in the amount of CFlowAB|CPB — PFlowAB) occurs as necessary to
compensate for the deficit of P in the material flowing into pool
B. On the contrary, net P mineralization occurs if the actual flow
of P, PFlowAB, exceeds the expected flow (CFlowAB/CPB), and the
surplus, (PFlowAB — CFlowAB/CPB), is mineralized and added to the
inorganic labile P pool.

Additionally, some inorganic P is released, accompanying the
respiration losses of SOM because the C lost as CO, alters the C:P
ratio.

The total P mineralization (PMin) resulting from the carbon flow
between pools and the respiration loss to CO, is therefore:

CFlowAB
CPB

where PMinA is the P mineralization from any pool A and
PCO2FlowA is the CO, loss rate (Table 1).

Total P mineralized (PMin) and immobilized (PImm) are
summed and the net P mineralized corresponding to the dif-

PMinA = PFlowAB — + PCO2FlowA (10)
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Table 1
Summary of (a) parameters calibrated or obtained from literature, (b) parameters calculated from input data, and (c) variables used to describe the P model in DSSAT.
No. Parameter Units Definition
(a)
1 DECOMj, day! Maximum decomposition rate of any pool A under
optimum conditions
2 FracPMobil - Fraction of translocated P used by seeds in one day
3 Ksa day! Rate constant for transformation from stable P to active P
4 N:PMax - Maximum vegetative N:P ratio
5 N:PMin - Minimum vegetative N:P ratio
6 PFraction - Fraction inorganic labile P in soil solution
7 PMobilMax gg! Maximum P mobilization from plant roots, shoots and
shells
8 PRootMinConc gg! Minimum root P concentrations
9 PRootOptConc gg! Optimum root P concentrations
10 PSeedMinConc gg! Minimum seed P concentrations
11 PSeedOptConc gg! Optimum seed P concentrations
12 PShellMinConc gg! Minimum shell P concentrations
13 PShellOptConc gg! Optimum shell P concentrations
14 PShootMinConc gg! Minimum shoot P concentration
15 PShootOptConc gg! Optimum shoot P concentration
16 SRATPART - Minimum value of the ratio of P in vegetative tissue to the
optimum P, below which vegetative partitioning will be
affected
17 SRATPHOTO - Minimum value of the ratio of P in vegetative tissue to the
optimum P, below which reduced photosynthesis will
occur
(b)
1 CULT, - Effect of cultivation (0-1 multiplier) on decomposition
2 K day~! Rate constant for transformation from active P to labile P
3 Kas day! Rate constant for transformation from active P to stable P
4 Kia day! Rate constant for transformation from labile P to active P
5 OTHER - Zero to 1 multiplier for the effect of other factors (e.g. soil
clay) on decomposition
6 PAvaillndex - P availability index
7 PFertAvaillndex - P fertilizer availability index
(c)
1 Ca kgha! Mass of carbon in any pool A
2 CFlowA kgha'day! Flow of carbon out of any pool A
3 CFlowAB kgha=! day! Flow of carbon from any pool A to any pool B
4 CO2FlowA kgha'day! Flow of CO; out of any pool A
5 CPB - C:P ratio of any pool B
6 OrganicCFactor - Soil organic C factor for modifying soil solution P
7 Py kgha! Mass of phosphorus in any pool A
8 PAvaillndex - Phosphorus availability index
9 PCO2FlowA kgha'day! Flow of phosphorus out of any pool A accompanying CO,
respiration
10 PFlowA kgha'day! Flow of phosphorus out of any pool A
11 PFlowAB kgha'day! Flow of phosphorus from any pool A to any pool B
12 Piactive mgkg! Mass of active P in the soil
13 Pirabie mgkg! Mass of labile P in the soil
14 PImm kgha—'day! Rate of P immobilization
15 Pistable mgkg! Mass of stable P in the soil
16 PMinA kgha~! day! Rate of P mineralization from any pool A
17 PMobilization gg! Available P for mobilization from plant roots, shoots and
shells
18 PRootActualConc gg! Actual plant root P concentrations
19 PShellActualConc gg! Actual plant shell P concentrations
20 PShootActualConc gg! Actual plant shoot P concentrations
21 PStressRatio - Phosphorus stress ratio
22 TextureFactor - Soil texture factor for modifying soil solution P
23 WaterFactor - Soil water factor for modifying soil solution P

ference (PMin—PImm) is added to the inorganic labile pool
(Fig. 1).

2.1.3. Soil solution P

The dynamics of P in the inorganic and organic pools directly
influence the concentration of P in the soil solution. The solution
P is subject to four main processes as noted earlier, namely (i)
uptake by plants and immobilization, (ii) fixation by soil colloids,
(iii) additions of fertilizer P, and (iv) additions from organic P miner-
alization. The effect of these processes in determining the quantity
of P present in the soil solution differs with soil category (cal-
careous, slightly weathered, highly weathered and volcanic) and

is modeled using empirical fractions of inorganic labile P (PFrac-
tion) (Singh, 1985). The PFraction in solution is influenced by soil
water content, soil texture and SOM. For example, a coarse textured
soil with high soil water content may have a higher PFraction value
than under drier conditions. Likewise under drier conditions, as soil
water content goes below lower limit the fraction of P in solution
will decline (PFraction reduced). These effects are described as soil
texture factor (TextureFactor):

TextureFactor — Saturated Soil Water Content (11)
" Lower Limit Soil Water Content

The effect of soil water content is more critical for plant growth
than the PFraction because plant growth and P uptake will be seri-
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Table 2
Summary of decomposition rates for the soil organic pools.

Maximum rate at which
flow occurs (day 1)

Pool generating the flow Pool location

Metabolic litter Surface 0.040550
Soil 0.050680
Structural litter Surface 0.010680
Soil 0.013420
SOM1 Surface 0.016440
Soil 0.020000
SOM2 Soil 0.000548
SOM3 Soil 0.000012

Source: Gijsman et al. (2002).

ously reduced as soil water content approaches the lower limit, well
before the soil PFraction is affected. The high values for soil solution
P are influenced more by texture and the lower values by the soil
water factor. The effect of soil water on PFraction is described as
soil water factor (WaterFactor):

Actual Soil Water Content

Waterfactor = Lower Limit Soil Water Content (12)

Organic matter neutralizes reaction sites that would normally
fix P, therefore freeing up more P that can become part of the soil
solution. However, as soil organic carbon concentration falls below
0.8% its positive impact on soil solution P decreases. A relationship
based on 125 soils with organic carbon content less than 10 g kg !
(1%) was developed (Singh, 2008) to reflect this effect of soil organic
C on PFraction (OrganicCFactor):

OrganicCFactor = 1.05 + 0.5 x log(Organic C) (13)

where Organic C is expressed in %. The coefficient of determination
for this relationship, R? was 0.67 (Singh, 2008).

The soil solution P pool (Psjyion) Was thus modified to capture
the differences due to the four different soil categories and within
each soil category the effect of soil water, texture, and organic mat-
ter:

Psoiution = Pirabile x PFraction x OrganicCFactor
x Min(TextureFactor, WaterFactor) (14)

where Psgpyion 1S in mgkg=1; PFraction=0.05 for calcareous soils,
0.02 for slightly weathered soils, 0.015 for highly weathered soils,
and 0.008 for volcanic soils (Singh, 2008).

2.1.4. Plant P module

The plant P component (Fig. 1) describes P uptake from the soil
and P stored in four different plant parts: roots, shoots (leaves plus
stems), shells and seeds, the sum of which gives the total P uptake
(Daroub et al., 2003). The P uptake may be expressed on unit area
basis when the concentration is multiplied by growth. This mod-
ule specifies the optimum and minimum concentrations of P in the
plant at three growth stages but linear interpolation methods are
used to estimate the daily optima and minima. The actual P con-
centration in the plant is increased by plant P uptake but may be
diluted by plant growth. For any given plant part, the amount of P
mobilized (from roots, shells and shoots only) or lost due to senes-
cence, pest and disease is deducted to arrive at the net P in the plant
part in question.

Daily plant demand is calculated for each plant part as the
amount of P required to bring P concentration in each of the plant
parts up to the optimum, plus P required for new growth. The
demand is first met by mobilized P stored in mobilization pools. P
moves from root and shoot mobilization pools to satisfy P demand
in shells and seeds. The P leftover remains in the respective mobi-
lization pools. Total P demand is recalculated such that it is met by
the soil supply. However, if the soil P supply is insufficient to meet

this demand, uptake and subsequently P concentrations in plant
parts are reduced and P stress occurs.

The amount of P taken up by the whole plant is the minimum
of plant P demand and soil P supply. The maximum and minimum
plant N:P ratio computed daily is used to limit P uptake if on any
day the actual N:P ratio is below the minimum.

A P stress occurs when demand exceeds supply. Two stress fac-
tors are computed based on the ratio of the actual to minimum P
concentration as:

PStressRatio — MIN {1 o. (PShootActualConc — PShootMinConc )}

PShootOptConc — PShootMinConc
(15)

where PShootOptConc is the optimum P concentration in plant
shoots (Table 1) defined at emergence, tasseling and physiologi-
cal maturity and interpolated between these phenological events.
PStressRatio is the P stress ratio which has a 0-1 scale. The first
stress factor which limits photosynthesis is expressed as:

. PStressRatio
PStressFactorPhotosynthesis = MIN (1 .0, m) (16)
and the other which affects vegetation partitioning as:

e PStressRatio
PStressFactorPartitioning = MIN (1 .0, W) (17)

where SRATPHOTO and SRATPART are defined in Table 1.
2.2. Datasets for testing the model

Data for a preliminary calibration and testing of the DSSAT-P
model came from two sites in Ghana, West Africa. The first site was
Kpeve, located in South Eastern Ghana (6°40.80'N, 0°19.20’ E, alti-
tude 67 m above sea level). It has a bimodal rainfall pattern with
an average annual rainfall of 1300 mm falling in two rainy seasons,
March to July and September to October. The average annual tem-
perature is 28 °C (FAO, 2005). The soil at Kpeve has a sandy loam
texture and is classified as Haplic Lixisol which has a dark grayish
brown topsoil and grayish brown to brown subsoil (Adiku, 2006).
Soil analysis showed that the soil has good organic carbon content
(1.8% in the top 20 cm soil) and available P (Bray1) that was at the
limit between sufficiency and deficiency (11.69 ppm). Measured
soil properties including soil organic carbon, nitrogen, available P,
exchangeable potassium, pH and soil texture were used as input
to the maize crop model. Other soil properties not measured but
necessary to run the maize crop model were estimated using pedo-
transfer functions available in DSSAT. At Kpeve, the lower limit (LL),
drained upper (DUL) and upper limit saturated (SAT) were taken
from Adiku (2006).

A maize (variety Obatanpa) experiment was conducted at Kpeve
between May and September 2006. Four treatments were imposed,
namely OP, 10P, 30P, 80P that received the indicated amount of P
per ha. All plots also received 150 kg ha—!of N and 30 kg ha~!of K to
exclude any N and K limitations. The experiment was a randomized
complete block design with four replicates. Details of this study can
be found in Dzotsi (2007). Data collected included sequential dry
matter harvests (four samples during the season, at days 17, 31, 52
and 108 after planting), and final grain yield.

The Wa site was located in Northern Ghana (10°3’N, 2°30'W,
altitude 320 m above sea level) and has an unimodal rainfall pat-
tern. The average annual rainfall is 1100 mm falling mainly between
April and September. The mean annual temperature in Wa is 27 °C
(FAOQ, 2005). The soil in Wa has a loamy sand texture with very low
level of organic carbon (0.38% in the top 20 cm soil) and available
P (3.26 mgkg~! in the top 20cm soil). A maize trial was carried
out between June and October 2004 to evaluate maize response
to fertilizer application. Details of this study are reported in Naab
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Table 3

Growth and development genetic coefficients for the Obatanpa cultivar estimated using the Wa dataset and used at both Kpeve and Wa for testing the P model.
Definition DSSAT ID Starting value Obatanpa
Degree days (base 8 °C) from emergence to end of juvenile phase P1 200 280
Photoperiod sensitivity P2 0.00 0.00
Degree days (base 8 °C) from silking to physiological maturity P5 800 700
Potential kernel number (/plant) G2 700 550
Potential kernel growth rate (mg/day) G3 8.50 7.74
Phyllochron PHINT 38.90 40.00

(2005). Briefly, the treatments at Wa were combinations of levels of
2 factors: nitrogen fertilizer, 3 levels, 0, 60, and 120kgha~! of N; P
fertilizer, 3 levels, 0, 26, and 39 kg ha~! of P. Aboveground biomass
measurements were taken at 28, 46, 61, 81 and 125 days after
planting. Final grain yield was measured 125 days after planting.

Temperature, solar radiation and rainfall were measured on a
daily basis at both Kpeve and Wa using HOBO automatic recording
weather stations.

2.3. Initializing the soil and plant P pools

Initializing the P module is one of the important aspects of
P modeling. The initial sizes of the three soil inorganic P pools
(PiLabites Piactive and Piseapie) and two soil organic P pools (Poactive
and Pys;qpe) Were indirectly initialized. The initial Pj; 4pi Was calcu-
lated from measured Bray1 P and exchangeable K as (1.09 x Bray1
P)+(10.59 x Exchangeable K)+2.71 for both sites, Kpeve and Wa
(Singh, 1985). Initial Pjaqive Was calculated as Kja/Kar x Pirgpites
assuming equilibrium between the initial Pjjgpie and Piscrive POOIL
sizes. Initial Pj;qpie Was taken to be four times as large as Pjactive
(Jones et al., 1984) at equilibrium. Initial total organic P (P,) was
calculated from the values of organic C and pH as (Singh, 1985):

Pp = 900 x (1 — e~ 1-10x0rganicCy e—].Sx(pH—]O/]Z)Z (18)

Optimum shoot P concentrations at different stages of growth
were estimated using the following equations (Jones, 1983). From
the time of emergence to the end of leaf growth, the optimum shoot
P concentration (%)=0.684 — 0.108X, and at physiological maturity,
the optimum shoot P concentration (%)=0.238 — 0.0056X; where X
is the growth stage defined as: for emergence X =0; at the end of leaf
growth X=4; and at physiological maturity, X=10. The minimum
shoot P concentration was taken as 60% of the estimated optimum
P (Daroub et al., 2003). Grain and shell concentrations were derived
from the plant P model by Daroub et al. (2003). Plant root concen-
trations and N:P ratios were obtained from Jones (1983).

The rate constants for inorganic P transformation from labile to
active pools (K;,4), active to labile pools (Ku; ), and active to stable
pools (K4s) were estimated, respectively, using Egs. (5)-(7).

2.4. Maize cultivar parameters

The genetic coefficients for the maize cultivar used, Obatanpa
were calibrated based on the growth and development data
obtained from Wa for the high N and P treatments, namely,
120N x 26P and 120N x 39P because the Kpeve maize experiment
experienced some drought stress around silking. Since Obatanpa
is a medium-maturing cultivar (Anonymous, 1996), we chose the
genetic coefficients for a typical medium-maturing variety from the
DSSAT database as a starting point and manually adjusted these
parameters to fit the observed phenology (P1 and P5, Table 3) and
the phyllochron index PHINT at Wa. The growth coefficients G2 and
G3 (Table 3) were calibrated next, using measured end-of-season
biomass and grain yield from Wa. The calibrated coefficients for
Wa were used without changes for model evaluation purposes at
Kpeve.

2.5. Statistical indicators of model performance

The ability of the model to simulate in-season biomass and final
grain yield was quantified using a simple agreement measure, the
root mean square error (RMSE) and a normalized measure, the
Willmott agreement index (Willmott, 1982). The RMSE estimates
the average distance between simulations and measurements
(Wallach et al., 2006):

0.5

Z?lzl(yi - ?l)

RMSE = N

(19)

where N is the number of pairs of observations and simulations,
Y; is observation i, and Y; is prediction i. Small RMSE values are
indicators of good model performance.

The Willmottindex is calculated using a ratio of the Mean Square
Error (MSE) to a term that measures the variability of the predic-
tions and observations around the mean of observations (Wallach
et al., 2006):

ZL(YI‘ -Yi)
SN Y-+ 10Y - )

where N, Y; and Y; are as defined in Eq. (19), and Y is the mean of
observations. Extreme values of the Willmott index are O (corre-
sponding to a situation of all N model predictions being identical
and equal to Y) and 1 (denoting a perfect model, i.e. Y; = Y;).

Deviations between simulations and measurements can be
furthermore explored by partitioning the overall MSE into
three components that relate to specific types of discrepancies
(Kobayashi and Us Salam, 2000; Gauch et al., 2003).

MSE = (RMSE)? = SB + SDSD + LCS (21)

Willmott index =1 — (20)

where SB s the Squared Bias, SDSD the Squared Difference between
the Standard Deviations, and LCS the Lack of positive Correlation
weighted by the standard deviations. This partitioning of the RMSE
helps identify the dominant source of model error (Wallach et al.,
2006). The SB reveals a possible trend of the model to overestimate
or underestimate the measurements. The SDSD measures a possi-
ble failure of the model to simulate correctly the magnitude of the
fluctuation among the measurements. The LCS quantifies a possible
failure of the model to simulate correctly the pattern of fluctuations
across the measurements. It can also be interpreted as the residual
error sum of squares after removing the SB and SDSD.

3. Results
3.1. Plant genetic coefficients and P parameters

Calibration results of the genetic coefficients of the Obatanpa
cultivar are presented in Table 3. The Obatanpa cultivar had a
slightly longer juvenile period (80 degree days) than the start-
ing medium-duration cultivar. With an average daily thermal time
accumulation rate of 15 degree days, this corresponds to a 5-day
lengthening of the juvenile stage. However, the time from silking
to maturity was shorter than our starting value by about 7 days
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(a) Optimum and minimum P concentration (g/100 g) in different plant parts and maximum and minimum plant N:P ratio at three growth stages, as used in the model for

maize and (b) transfer coefficients for the various P pools.

Plant part Emergence Effective grain filling or end of leaf growth? Physiological maturity
(a)
Root Optimum 0.041 0.041 0.041

Minimum 0.020 0.020 0.020
Shoot Optimum 0.700 0.250 0.200

Minimum 0.400 0.150 0.100
Shell Optimum 0.500 0.500 0.050

Minimum 0.250 0.250 0.025
Seed Optimum 0.350 0.350 0.350

Minimum 0.175 0.175 0.175
Plant N:P ratio Maximum 25.000 15.000 9.300

Minimum 4.200 2.700 2.100
Rate constant Parameter name Unit Kpeve Wa
(b)
Labile P to active P Kia day~! 0.04569 0.03544
Active P to labile P Kar day! 0.00459 0.00493
Active P to stable P Kas day! 0.00051 0.00041
Stable P to active P Ksa day~! 0.00010 0.00010

Source: (a) See text. (b) Calculated from input data.
2 The end of leaf growth applies to shoots only.

and the variety also had a smaller potential kernel number per
plant even though kernel growth rates and phyllochron index were
similar to the starting values.

Estimated optimum and minimum shoot P concentrations using
the equations developed by Jones (1983) are presented in Table 4a.
Since P stress would normally affect vegetative partitioning before
photosynthesis, the minimum ratio of P to the optimum in veg-

Table 5

etative tissue below which reduction in photosynthesis occurs
(SRATPHOTO) was set to 1.0, and that for vegetation reduction
(SRATPART) was set to 0.8. The maximum fraction of P mobilized
from the shoot was set to 0.10. The estimated rates of P transfor-
mation between the inorganic pools (Table 4b) showed that the
transfer of inorganic P from the labile pool to the active pool (K;4)
was 1.3 times faster at Kpeve than Wa; the transfer of inorganic

(a) Values of additional inputs required to run the soil-plant phosphorus model for the Kpeve and Wa experiments. Values correspond to the top soil layer (0-5 cm for both

sites); (b) initial conditions at Kpeve and (c) initial conditions at Wa.

Input/variable Unit Kpeve Wa
OP treatments 26P treatments 39P treatments
(a)
Measured
Soil organic carbon gkg! 184 3.8 3.8 3.8
Soil organic nitrogen gkg! 2.6 0.6 0.6 0.6
Soil phosphorus, Bray1 ppm 11.7 3.3 6.5 22.0
Soil exchangeable K cmol kg! 0.1 0.1 0.1 0.1
Soil pH unitless 6.5 6.3 6.3 6.3
Estimated
Initial labile inorganic P ppm 334 9.2 18.1 63.1
Initial active inorganic P ppm 332.6 66.1 130.3 453.2
Initial stable inorganic P ppm 1330.2 264.6 521.2 1812.6
Initial total organic P ppm 50.6 14.2 14.2 14.2
SLB SLLL SDUL SSAT SRGF SBDM SLTX
(b)
10 0.180 0.260 0.460 1.000 0.83 Sandy loam
20 0.070 0.140 0.280 1.000 1.08 Loam
30 0.040 0.080 0.160 0.607 1.47 Sandy loam
40 0.060 0.120 0.240 0.497 0.74 Clay
50 0.040 0.060 0.120 0.407 0.47 Sandy clay
60 0.050 0.090 0.180 0.333 0.56 Sandy clay
70 0.080 0.150 0.300 0.273 0.97 Sandy clay
80 0.060 0.110 0.220 0.123 0.77 Sandy clay loam
90 0.090 0.160 0.320 0.100 1.04 Sandy clay
SLB SLLL SDUL SSAT SRGF SBDM SLTX
(©
20 0.085 0.155 0.383 1.000 1.54 Loamy sand
40 0.122 0.190 0.362 0.549 1.57 Sandy loam
60 0.124 0.170 0.204 0.368 1.52 Sandy clay
90 0.059 0.079 0.088 0.000 1.38 Clay

Source: Soil composition data from the experiments were used to obtain the estimated values.
SLB, depth, base of soil layer (cm); SLLL, soil lower limit (cm?® cm~3); SDUL, soil upper limit, drained (cm? cm~3); SSAT, soil upper limit, saturated (cm? cm~3); SRGF, soil root
growth factor (unitless); SBDM, soil bulk density, moist (g cm?); SLTX, soil texture (unitless).
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Fig. 2. Measured and simulated responses of cumulative biomass (a-i) and grain yield (j-i) to different combinations of nitrogen and phosphorus levels in the Wa experiment.
Error bars correspond to one standard deviation of measurement from four replications on each side.

P in the reverse direction (Ky;) was about the same at both sites
(Table 4b).

Both the inherent initial inorganic and organic P was higher at
Kpeve than Wa (Table 5a). For example, the initial Pj 4. and total
organic P values were 3.6 times higher at Kpeve than at Wa, when
comparing no P treatments only. These estimates of the inherent P
supply at the two sites highlight the wide differences in soil P fer-
tility under which the soil-plant P model was tested. As indicated
earlier, the initial available P at Kpeve (11.7mgkg~!) was much
higher than at Wa, apparently due to the fact that the site had previ-
ously received fertilizer P application. Further, the annual amount
of plant residue returned to the soil at Kpeve was often high, on
the average 12 tha~! (Adiku, 2006) because of the high and favor-
ably distributed rainfall regime, leading to high soil organic matter
(18.4g kg~1; Table 5a). On the contrary, the annual plant biomass
production at Wa is often low (8 tha—!; Naab, 2005). Due to a short
growing period and the use of residue for grazing, actual input of
residue is often less than 4tha~! (Naab, 2005). The resulting SOM
is low and organic P additions would also be low.

3.2. Model calibration and testing

Simulated and measured responses of aboveground biomass
to P at Wa were generally in good agreement for all treatments
and sampling dates (Fig. 2). At low N and P levels, biomass pro-
duction was generally low (less than 1.5tha~!; Fig. 2a). While
biomass growth responded to N increases at OP levels (Fig. 2a, d
and g), there was hardly any increase in growth when P was varied
from 0 to 39kgha~! (Fig. 2a-c), suggesting that N was the most
limiting factor in the measurements. This non-response to P was
well captured by the model. When N application was increased to
60kgha~1, a significant response to P was observed with biomass
levels increasing from about 4 tha—! at OPto 10 tha~! when P appli-
cation exceeded 26 kgha~! (Fig. 2d-f). At high application rates of
N and P (Fig. 2i), about 11.5tha~! was observed and the model
simulated about 12 tha~!. The RMSE for biomass varied between
375kgha~1 at 28 days after planting (dap) and 1675 kgha~1! at 125

dap. The corresponding Willmott indices were greater or equal to
0.90 (except for the first sampling date, 28 dap where it was 0.39).
Thus in general, the responses to P under varying P conditions were
well captured by the model.

Simulated grain yields were not within one standard deviation
of measurements for 60N treatments (Fig. 2k). The grain yield RMSE
was 474 kgha~1.The model captured the three yield ranges that
were dependent on N fertilizer. Evidence of the ability of the model
to represent correctly response patterns of the grain yield to both
N and P fertilizers was shown by the negligible value of the SDSD
error (0.5% of MSE) and a high Pearson correlation coefficient of 0.96
between the observed and simulated yield. The Willmott index for
the grain yield was also close to unity (0.97).

Unlike Wa, maize response to P at Kpeve was negligible.
Varying P from 0 to 80kgha~! did not result in any signifi-
cant differences in growth (Fig. 3a-d). In all treatments, final
biomass was about 9tha~!. Biomass predictions were generally
within one standard deviation of measurements. The initial RMSE
of 71kgha~'observed at 17 days after planting increased with
biomass growth (507 kgha—lat maturity) as a result of higher
biomass accumulation but were relatively smaller compared to
Wa. We have indicated the initially high available P (11.7 mgkg~!
Bray1) at Kpeve, which was at about the critical limit for maize
(Adeoye and Agbola, 1985). Hence, even at OP application rate,
maize growth and yield were not limited. The model correctly sim-
ulated this lack of response of biomass growth. Similar to growth,
grain yield at Kpeve did not show significant changes with P appli-
cation rate (Fig. 3e). The average yield was 3tha~!. Again, the
model captured this lack of response (RMSE of 535kgha~1). The
simulation error, which was small, was mostly due to an under
prediction of grain yield. The average measurement (3022 kgha=1)
was slightly under predicted with a bias of 508 kgha~1.

3.3. Sensitivity of the model to organic carbon and root zone P

Simulated aboveground biomass, grain yield, and crop P uptake
using different levels of soil organic carbon in the 120N OP treat-
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Fig. 3. Measured and simulated responses of cumulative biomass (a-d) and grain yield (e) to different phosphorus levels at Kpeve. Error bars correspond to one standard

deviation of measurement from four replications on each side.

ment at Wa showed that the model was able to simulate responses
to crop growth and P uptake under variable soil organic matter
regimes (Fig. 4). Local sensitivity indices for biomass and grain yield
varied from 0.13 at 10gkg~! organic carbon to 0.06 at 30gkg™!
organic carbon meaning that for every 1% increase in soil organic
carbon in the top 20cm soil layer, crop biomass and grain yield
increased by 0.13 and 0.06%, respectively (Fig. 4). The biomass and
yield increase was due to the mineralization of organic carbon that
provided P for this treatment. This increase in P mineralization var-
ied from 1.87 to 5.37% for every 1% increase in soil organic carbon
between 10 and 30 g kg~1.

0.14 T T T T T
[ Aboveground biomass
[ Grain yiekd

012+ [ crop uptake -

Local sensitivity index

10 15 20 25 30

Organic carbon level (g kg'1)

Fig. 4. Local sensitivity index of aboveground biomass, grain yield, and crop uptake
to different levels of soil organic carbon in the 20 cm top soil layer in the 120N OP
treatment at Wa.

At both Kpeve and Wa, the model was sensitive to the pres-
ence of a “NoRoot” zone, that is a region where soluble soil P
may be present but not accessible to plants. The suppression of
the “NoRoot” zone resulted in a significant increase in available
P for crop uptake and resulted in less than 1% yield increase, 2-3%
biomass increase, and 3-5% P uptake increase at Kpeve (Table 7). At
Wa crop yield, biomass and P uptake were doubled (100% increase)
in N- and P-stressed treatments (Table 7). These responses to the
absence of a “NoRoot” zone promoted a greater disagreement of
simulated crop biomass and grain yield with field measurements.

4. Discussion

The performance of the model as measured by the RMSE, the
Willmott index and the three components of the MSE was accept-
ably congruent with field observations. The response patterns
observed in relation to P fertilizer applications were reasonably
simulated. At Wa, the RMSE increased consistently over the season
(Table 6). At Kpeve, the RMSE increased between 17 and 31 dap and
remained stable thereafter (about 500 kg ha~') except for anthesis
(Table 6). The increase in the RMSE over the season was due to
the accumulation of biomass with growth resulting in higher sim-
ulated and measured values. At Wa the Willmott indices were close
to unity (except for biomass at day 28 after planting, Table 6). This
is an indicator of good model performance. At Kpeve, a response
to the treatments applied was not observed and all model predic-
tions were almost identical and close to the average observation
at a given sampling date. This resulted in low Willmott agreement
indices although the RMSEs were smaller.

Biomass and grain yield were generally simulated with a greater
accuracy at Wa in the presence of the DSSAT-P module. When only
N was simulated (this situation assumed that P was non-limiting),
the measurements were largely overestimated by the model in
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Table 6

Summary of grain yield and aboveground biomass error statistics for Kpeve and Wa.

Aboveground biomass Grain yield

Kpeve
Days after planting 17 31 52 108 108
RMSE (kgha=!), N only 99 608 360 651 230
RMSE (kgha~!), N and P 71 516 322 507 535
Willmott agreement index, N only 0.05 0.11 0.48 0.46 0.45
Willmott agreement index, N and P 0.06 0.14 0.22 0.34 0.32
Wa
Days after planting 28 46 61 81 125 125
RMSE (kgha~1), N only 523 1624 2125 3214 3555 948
RMSE (kgha='), N and P 375 777 1076 1625 1675 474
Willmott agreement index, N only 0.26 0.66 0.84 0.80 0.84 0.89
Willmott agreement index, N and P 0.39 0.90 0.96 0.94 0.96 0.97

Table 7

Percent increase in cumulative aboveground biomass, grain yield, and crop P uptake,
from organic matter without a “NoRoot” zone relative to the situation where the
“NoRoot” zone was present.

Total biomass (%) Grain yield (%) Total P uptake (%)

Kpeve
oP 2.79 0.85 4.50
10P 2.63 0.77 4.34
30P 1.77 0.23 3.49
80P 1.89 0.31 3.61

Wa
ON OP 97 101 89
ON 26P 106 112 85
ON 39P 105 110 84
60N OP 47 5 43
60N 26P 17 57 24
60N 39P 16 58 24
120N OP 107 90 93
120N 26P 5 4 5
120N 39P 4 4 5

treatments with no P and some N (Fig. 2d and). The simulations
were significantly improved when P simulation was added in the
same treatments (Fig. 2d and). These results were confirmed by
the reduction in RMSE values (by about 50%) and Willmott indices
when the P model was introduced (Table 6). Similar but less dra-
matic results were obtained at Kpeve as well (Table 6). Thus, the
DSSAT-P model improved biomass and grain yield simulations in
both experiments.

The simulation of the effect of P on crop growth especially in
P-deficient cropping systems is particularly a challenging problem.
Fractionation of soil organic P and carbon as well as soil inorganic P
are needed to more accurately parameterize and initialize these
P pools. The model is particularly sensitive to the initial size of
the inorganic labile P pool. In this study, we followed the indirect
method of Singh (1985) to estimate the initial sizes of the inorganic
and organic P pools because of the lack of fractionation data. Yet,
it was shown, from the general agreement between the observed
and predicted maize performance that this indirect procedure was
adequate for the datasets used, and could serve as a starting point
for simulating crop responses to soil P.

In situations where nitrogen is a limiting factor, accurate
simulation of the response to P will also depend on a correct rep-
resentation of the soil nitrogen in the model. This was observed
at Wa where model over prediction of nitrogen availability from
60 kgha~N fertilizer application partly affected the simulation of
P treatments at 60N.

5. Conclusion
This paper has described and evaluated the DSSAT-P module on

highly weathered soils in Ghana. The assessment presented showed
that the soil-plant P model reproduced the observed responses of

maize biomass and final grain yield to P both under limiting (Wa)
and non-limiting (Kpeve) P conditions. Final biomass was simu-
lated with an RMSE of 507 kg ha—! at Kpeve and 1675 kgha—! at Wa.
Maturity grain yield was simulated with an RMSE of 535 kg ha~lat
Kpeve and 474 kg ha—'at Wa. The evaluation presented here is only
a preliminary attempt at testing the model and was limited to
growth and grain yield only. Even so, the model correctly simu-
lated P response of maize at Wa under both low and high P fertilizer
applications and the lack of response under high P conditions at
Kpeve. The simulation of organic P dynamics, the development
of methods of indirect estimation of the initial P pools sizes, the
integration of soil P dynamics with root growth and soil type rep-
resented contributions to soil-plant P modeling stressed in the
present study. A local sensitivity analysis indicated that under P-
limiting conditions and no P fertilizer application, crop biomass,
grain yield, and P uptake could be increased by over 0.10% due to
organic P mineralization resulting from a 1% increase in organic car-
bon. It was also shown that the modeling philosophy that makes
P in a “NoRoot” zone unavailable to plants resulted in a better
agreement of simulated crop biomass and grain yield with field
measurements. The need for accurate estimation of initial soil P
pools sizes has been indicated to be crucial for good model perfor-
mance. Because the complex soil P chemistry makes the availability
of P to plants extremely variable, testing under a wider range
of agro-ecological conditions is needed to complement the initial
evaluation of maize growth and yield presented here, and extend
the use of the DSSAT-P model to other P-deficient environments.
Furthermore, detailed measurements on soil inorganic and organic
P are needed to evaluate the soil modules. In addition to model
testing, a global sensitivity analysis is needed to evaluate the uncer-
tainty and variability associated with model structure, inputs and
parameters, and determine an appropriate choice of model com-
plexity.
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