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INTRODUCTION 
  
The approach that integrates knowledge is very important in Agriculture, including 
farmers, extensionists, researchers and professors. The specialists, including the soil 
physicists, must have a global view of the crop production system. Therefore, their 
expertise can be useful for the society. The Essence of scientific knowledge is its 
practical application. 
 The soil physics is a subarea of Agronomy. There are many examples of this 
specific subject related to Agriculture. This paper will focus, in general, the following 
cases: (i) erosion, environmental pollution and human health, (ii) plant population and 
distribution, soil fertility, evapotranspiration and soil water flux density, and (iii) 
productivity, effective root depth, water deficit and yield. 
 
EROSION, ENVIRONMENTAL POLLUTION AND HUMAN HEALTH 
  
Normally, at dry season, from May to August, the air temperature and rainfall are 
limitations for economical Agriculture under Brazilian politic (no subsides to 
Agriculture). For these reasons, the cover crop is not common to all farmers. 
Therefore, the soils present high erodibility. 
 The exploration of almost all Brazilian annual crops (without irrigation) 
occurs on wet season, where the main criteria is based on the maximum probability of 
rainfall to be equal or superior to evapotranspiration at flowering period. Therefore, 
the majority of sowing dates is done between September and December, where there 
is tropical precipitation with high intensity (high erosivity) when the leaf area has low 
value. 
 The combination of high rainfall erosivity and high soil erodibility is 
responsible for about 10,000 to 15,000 kg.ha-1.year-1 of erosion on maize, for 
example. This first millimeter of the soil, in Agriculture, represents chemical products 
(herbicides and fertilizers, mainly) in the rivers and less soil fertility (less organic 
matter and nutrients). 
 The human water consumption in Brazil is around 100 to 500 liters per day 
per person, where the water caption from the river is common. The environmental 
pollution caused by erosion prejudices water quality and human health. Therefore, the 
water and diseases treatments in the cities are necessary. 
 The alternative crop system and agricultural politic to minimize the soil 
losses problem is a challenge for the soil physicists (under economical, social and 
environmental view). The no tillage system could be an option, because the cover 
crop can protect the rainfall drop impact on the soil, responsible for about 95% 
(energy balance) of the erosion process. Some changes in the sowing dates and 
agricultural politic (subsides) must be done to make mulching. It will be benefic for 
the environment, farmer and the whole society. 
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PLANT POPULATION AND DISTRIBUTION, EVAPOTRANSPIRATION, 
SOIL FERTILITY, AND SOIL WATER FLUX DENSITY 
  
The understanding of relationship of plant population and distribution, soil fertility, 
evapotranspiration and soil water flux density is fundamental to optimize the soil 
resources. This implies that soil physicists, with agricultural system global vision, 
could develop techniques to make the crop production system more adequate for each 
specific environment. 
 Increasing of plant population demands more water and better plant 
distribution. Increasing evapotranspiration requires more soil water flux density. The 
soil fertility depends on the soil volume per plant (plant population and distribution), 
evapotranspiration (leaf area, species, wind, air temperature and relative humidity, 
mainly) and soil water flux density. 
 The maximum water requirement occurs at flowering. The correct plant 
population is defined as function of the probability of soil water flux density to be 
equal or superior to maximum evapotranspiration any day in the whole crop cycle. 
 For high population, the plant distribution becomes more important. The soil 
physicist must minimize intra specific competition for water and nutrients. The better 
plant distribution maximizes the soil volume per plant, and the critical content values 
for all nutrients (soil fertility) are lower. Consequently, the fertilizer requirement 
decreases. 
 The corn grain production per plant is constant when there is no intra specific 
competition for water and nutrients, and the grain production per area has linear 
increment with the increasing of plant population (phase A – Figure 1). 
 The corn grain production per plant decreases when there is intra specific 
competition for water and nutrients, and the grain production per area has potential 
(less than linear) increment with the increasing of plant population (phase B – Figure 
1). The grain production per plant decrement rate is lower than the plant population 
increment rate, then the grain production per area increases. 
 The corn grain production per plant decreases when there is intra specific 
competition for water, nutrients and light, and the grain production per area decreases 
with the increasing of plant population (phase C – Figure 1). The grain production per 
plant decrement rate is higher than the plant population increment rate, then the grain 
production per area decreases. 
 The point AB (Figure 1) shows when the intra specific competition for water 
and nutrients starts. The correspondent plant population can be larger in better plant 
distribution, and the maximum grain production per area also can be larger in higher 
plant population (point BC – Figure 1), when the intra specific competition for light 
starts. 
 The soil resources (physical and chemical attributes) optimization (plant 
distribution) is a subject of soil physicists (see Plant population below). Soil 
physicists should start with a dynamic focus and replace the traditional static 
emphasis. An example is the critical value for potassium (soil fertility) (see Plant 
distribution still further below). 
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 Figure 1.  Corn grain production per plant (g.plant-1) and per area (kg.ha-1) 
  as function of plant population (plant.ha-1). 
 
  
  
Plant population 

 
To better define maize plant population (P, pl.ha-1), the following assumptions were 
made in conjunction with the optimization given in Table 1: 
 
(i) there is a critical population (Pc, plant.ha-1) where the production per plant  

(Y, g.pl-1) is constant and production per area has linear increasing (R, kg.ha-1) 
 

YmY =  (1 ≤ P ≤ Pc) (1) 
MMMM MgGfFeYm ...Pr=  (2) 

 
where Ym (g.plant-1) is the maximum production per plant, PrM the maximum 
prolificity (ear.plant-1), FeM the number of grain rows per ear (row.ear-1), GfM the 
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maximum number of grains per row (grain.row-1) and MgM the maximum grain mass 
(g.grain-1). 
 
(ii) the production per plant (Y, g.plant-1) and the production per area (R, kg.ha-1), 

when plant population is larger than critical population (Pc, plant.ha-1), follows 
the next equations: 

 

( )[ ]{ }nmPcP

YmY
−+

=
α1

, (P > Pc) (3) 

1000
.PYR = , (P > Pc) (4) 

 
where α, m and n are the empirical parameters. 
 Therefore: 
 

( )[ ]{ }nmPcP

PYmR
−+

=
α11000

. , (P>Pc) (5) 
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Table 1. Maize plant population optimization. 

Case Restriction Mathematical expression 
1 1≤P≤Pc YmY =  

2 P>Pc 
( )[ ]{ }

Y
PcP

YmY nm−+
=

α1
 

3 P>Pc 0lim =
∞→

Y
P

 

4 1≤P≤Pc 0=
dP
dY  

5 P>Pc 0<
dP
dY  

6 1≤P≤Pc 02

2
=

dP
Yd  

7 Pc<P<Pi 02

2
<

dP
Yd  

8 P=Pi 02

2
=

dP
Yd  

9 P>Pi 02

2
>

dP
Yd  

10 1≤P≤Pc 
1000

.PYmR =  

11 P>Pc 
( )[ ]{ }nmPcP

PYmR
−+

=
α11000

.  

12 P=Pm R=Rm 
13 P>Pm 0lim =

∞→

R
P

 

14 1≤P≤Pc 
1000
Ym

dP
dR

=  

15 Pc<P<Pm 0>
dP
dR  

16 P=Pm 0=
dP
dR  

17 P>Pm 0<
dP
dR  

18 1≤P≤Pc 02

2
=

dP
Rd  

19 P>Pc 0
2

2
<

dP
Rd  

 
 The first derivation of (5): 
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( )[ ]{ } ( )[ ]{ } ( )[ ]
( )[ ]{ } nm

mnmnm

PcP

PcPmPcPPnPcPYm
dP
dR

2

11

1

11
1000 −+

−−+−−+
=

−−

α

αααα  (6) 

               

 If 0=
dP
dR , then: 

 

( )[ ]{ } ( ) ( )[ ]{ } 11 1...1
−− −+−=−+

nmmmnm PcPmPcPmPmnmPcPm ααα  (7) 

( ) ( ) 01... 1 =−−−− −
m

mm PcPmPcPmPmnm
α

 (8) 

  
 To obtain the solution, the general iterative Newton-Raphson procedure can 
be used, creating the following function f(Pm): 
 

( ) ( ) ( ) m
mm PcPmPcPmPmnmPmf

α
1... 1 −−−−= −  (9) 

and: 

( ) ( ) ( )




 −

−
−

+−= − 1.1..' 1

PcPm
mPmnPcPmmPmf m  (10) 

 Therefore: 
( )
( )k

k
Kk Pmf

Pmf
PmPm

'1 −=+  (11) 

  
 To verify the modeled conditions of maize plant population optimization, the 
second derivation of (5) is given by the following equation: 
 

( ) ( )[ ]{ } ( ) ( )[ ]{ } ( )
( )[ ]{ } nm

mnmmnm

PcP

PcPPcPnmPgPcPPgYm
dP

Rd
4

1122

2

2

1

1...2.1.'
1000 −+

−−+−−+
=

−−

α

ααα  

                        (12) 
where: 

( ) ( )[ ]{ } ( )PhnmPcPPg mnm αα ..1 −−+=  (13) 
and 

( ) ( ) ( )[ ]{ } ( )PhPcPPcPnmPg
nmmm '1..'

11 −−+−=
−− αα  (14) 

where 

( ) ( ) ( )[ ]{ } 11 1
−− −+−=

nmm PcPPcPPPh α  (15) 

( ) ( ) ( )[ ]{ } ( )PsPPcPPcPPh
nmm '.1'

11 +−+−=
−− α  (16) 

( ) ( ) ( )[ ]{ } 11 1
−− −+−=

nmm PcPPcPPs α  (17) 
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( ) ( )( ) ( )[ ]{ } ( ) ( ) ( )[ ]{ } ( )[ ]ααα
2112 1111'

−−−− −−+−−+−+−−= mnmmnmm PcPmPcPnPcPPcPPcPmPs
 

(18) 

Plant distribution 

Assumptions 
 To define the better maize plant distribution, the following assumptions were 
made: 
 
(i) in the nature, there are only three regular polygons that can stay side by side 

without empty space (see Fig. 2): triangle, square and hexagon (a fourth 
possibility is the rectangle) 

 

   
(A) (B) (C) 

Figure 2. (A) Triangular, (B) square and (C) hexagonal plant distribution. 

 

(ii) the maize plant explores circular area 
(iii) the better plant distribution, for a fixed plant population, maximizes explored 

soil area per plant 
(iv) higher soil area per maize plant minimizes stress 
(v) the gross soil area explored by plant (Ap, m2.plant-1) is calculated as function 

of plant population (P, plant.ha-1): 
 

P
Ap 10000

=  (19) 

Triangular plant distribution 
 

For the triangular distribution (Figure 3), the space between rows (e1, m) can be 
calculated as follows: 

21
xe =  (20) 

 By triangle ABC (Figure 3): 
 

32rx =  (21) 
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 Substituting (21) in (20): 
 

31 re =  (22) 
 The space between plants (e2, m) can be calculated as follow (Figure 3): 
 

re 22 =  (23) 
 
 The explored useful area per plant (Au, m2.pl-1) is calculated as function of 
the inscribed circle radius r (Figure 3): 
 

2rAu π=  (24) 
 
 The gross explored area per plant (Ap, m2.plant-1) can be also calculated 
according to triangle BDE (Figure 3): 
 

2
3xrAp =  (25) 

 Substituting (19) and (21) in (25): 
 

2
1

4
3

3

100

P
r =  (26) 

 

r

r

r

2
x

A B

C

1e

2e

D

E

r
r

r
2
x

 
Figure 3. Triangular plant distribution. 

  
 Substituting (26) in (22) and (23): 
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2
1

4
11

3

100

P
e =  (27) 

2
1

4
32

3

200

P
e =  (28) 

Square plant distribution 
 

For the square distribution (Figure 4), the space between rows (e1, m) and between 
plants (e2, m) can be calculated as follows: 
 

re 21 =  (29) 
re 22 =  (30) 

 
 The explored gross area per plant (Ap, m2.plant-1) (Figure 4): 
 

2xAp =  (31) 
 Therefore: 

2
1

100

P
x =  (32) 

 and 
rx 2=  (33) 

  
 The explored useful area per plant (Au, m2.plant-1) is calculated as function of 
the inscribed circle radius r (Figure 4): 
 

2rAu π=  (34) 
 
 Substituting (32) and (33) in (34): 
 

P
Au π2500

=  (35) 

 Substituting (32) and (33) in (29) and (30): 
 

2
11

100

P
e =  (36) 

2
12

100

P
e =  (37) 
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2e

1e

x

x

r

 
Figure 4. Square plant distribution. 

Hexagonal plant distribution 
 

For the hexagonal distribution (Figure 5), the space between rows (e1, m) can be 
calculated as follows: 

2
3

1
xe =  (38) 

 By triangle CDE: 

3
πα =  (39) 

 By triangle ABC: 

x
rtg 2

3
=






 π  (40) 

 Therefore: 

3
3
2rx =  (41) 

 Substituting (41) in (38): 
31 re =  (42) 

  
 The space between plants (e2, m) (Figure 5): 
 

re 22 =  (43) 
  
 The gross explored area per plant (Ap, m2.plant-1) can be computed as 12 
times the triangle ABC area (Figure 5): 
 

xrAp 3=  (44) 



Soil Physics and Agriculture 

 

151 

 Substituting (41) and (19) in (44): 
 

3
50002

P
r =  (45) 

or: 
2
1

50

3

.10

4
1 






=

P
r  (46) 

 
 

2
x

x

x

r

C

A B

D E

α

x 2
x

r

r

1e

2e

α α

x x

2
x

x

x

r

C

A B

D E

α

x 2
x

r

r

1e

2e

α α

x x

 
Figure 5. Hexagonal plant distribution. 

 
 The useful explored area per plant (Au, m2.plant-1) (Figure 5): 
 

2rAu π=  (47) 
 Substituting (45) in (47): 
 

P
Au

3
35000π

=  (48) 
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 Substituting (46) in (42) and (43): 
2
1

503.10 4
1

1 





=

P
e  (49) 

2
1

50

3

.20

4
12 






=

P
e  (50) 

 
 Other solutions can be obtained positioning circles minimizing empty spaces 
(Figure 6A). For this particular case (Figure 7), the height (h, m) and the area of 
triangle ABC (At, m2) can be calculated as follows: 
 

3rh =  (51) 
32rAt =  (52) 

  
 Therefore, there are 2.P triangles ABC per hectare (10.000m2): 
 

100003..2 2 =rP  (53) 
 Then: 

2
1

50

3

.10

4
1 






=

P
r  (54) 

  
 The equations (46) and (54) are similar. 
 

 
(A) (B) 

Figure 6. Circles (A) minimizing and (B) maximizing empty spaces. 
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r
r

r
r

r

r

h
e2

e1
A

B

C

 
Figure 7. Circles maximizing explored area per plant. 

Potassium availability 
 

The potassium availability in the soil could be express in terms of offer rate (kg 
K.ha1.day-1) to compare with the crop potassium requirement rate (kg K.ha-1.day-1) 
(dynamic focus – soil physics contribution) (Figure 8) instead critical values for soil 
potassium content (static emphasis) (Figure 9). 
 

days after sowing date

kg
 K

.h
a-1

.d
ay

-1

A
B

C
D

 
Figure 8.  The potassium availability in the soil express in terms of offer rate: (A) deficient 

soil fertility, (C) deficient soil fertility with two fertilizations, (D) sufficient soil 
fertility, and (B) the crop potassium requirement rate (kg K.ha-1.day-1). 
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Kcrit K, mmolc/dm3

Y, %

A B
100

 
Figure 9.  The relative grain yield (Y, %) as function of soil potassium content 

(K,mmolc.dm3): (A) deficient soil fertility, (B) sufficient soil fertility, and the 
critical soil potassium content (Kcrit, mmolc.dm3). 

 
 Actually, there is a unique value for the critical soil potassium content (Kcrit, 
mmolc.dm3) independently of the soil type, specie and weather conditions. This static 
emphasis was important in the past, but must be replaced per dynamic focus by the 
soil physicists. It will be an important contribution (it optimizes the fertilizer 
utilization) for Agriculture. 

PRODUCTIVITY, EFFECTIVE ROOT DEPTH, WATER DEFICIT AND 
YIELD 
  
Yield means the grain (or other part of the plant) production per area (kg.ha-1), and 
the productivity will be defined as the potential yield. Then, the productivity depends 
only of the genotype and weather (soil water content in the field capacity), and yield 
depends on the genotype, weather and biotic (weeds, diseases and pests, mainly) and 
abiotic interference. 
 For practical purposes, the first step is the definition of target yield and price 
that defines technology level. Then, the first components for agricultural planning at 
farm scale are: genotype, weather condition (depends on the sowing date), water 
availability, plant population and nitrogen fertilization. 
 The water deficit occurs when the soil water flux density is lower than the 
maximum evapotranspiration (Figure 10). The decreasing of evapotranspiration 
causes stress. The plant stress reduces yield and increases cost with weeds, diseases 
and pests control, and decreases profit. 
 For practical purposes, the soil water holding capacity per unit of effective 
root depth defines the plant population support with no irrigation agricultural system. 
When the soil water content is lower than the critical value (θcrit), the soil water flux 
density (q) is lower than maximum evapotranspiration (ETm) and real 
evapotranspiration (ETr) decreases (Zone A – Figure 10). 
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 If the soil water content is larger than θcrit, the soil water flux density (q) is 
larger than maximum evapotranspiration (ETm) and real evapotranspiration (ETr) is 
equal to ETm (Zone B – Figure 10). 
 The water deficit reduces effective root depth (Ze), because there is no 
sufficient water to make more roots (the consumption of new cells require more water 
than old cells). The water excess also reduces Ze, because the oxygen diffusion is 
limiting (the oxygen diffusion in the air is larger than in the water) (Figure 11). The 
agricultural management must improve effective root depth to optimize natural 
resources. Each 1 cm soil depth holds around 12,500 L.ha-1 of water (see the modal 
soil in the nature Figure 10). 
 

HW

HW
(12.5%)

SWHC
(12.5%)

Solid
(50.0%)

Air
(25.0%)

Ze

Z, cm

0
θccθpmp

SWHC=10.(θcc- θpmp).Ze

12,500 L.ha-1.cm-1

solid

air

θ, cm3.cm-3

ETr, mm.dia-1

Ze

SWHC θcrit

1.25 mm.cm-1

0.50 mm.cm-1

2.00 mm.cm-1

q < ETm

ETr < ETm

Stress...

 q > ETm

ETr = ETm

ETm = q

ETr = ETm
ETm

1cm

A B

 
Figure 10.  The modal soil physics properties in the nature. HW: hygroscopic water, SWHC: 

soil water holding capacity, θ: soil water content, ETr: real evapotranspiration, 
ETm: maximum evapotranspiration, Ze: effective root depth and q: soil water flux 
density. 

 
 For more details related to grain productivity, effective root depth, water 
deficit and grain yield, refer to the lecture “Agroclimatic Mapping of Maize Crop 
Based on Soil Physical Properties” starting on page 159. 
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soil water content

θ < θcrit θcrit < θ < θcc θ > θcc

Ze

Ze

Ze

O2

 
Figure 11.  Relationship between oxygen diffusion (O2), soil water content (θ) and effective 

root depth (Ze). 

REFERENCES 
 
ASSIS, F.N.; MENDEZ, M.E.G. Relação entre radiação fotossinteticamente ativa e 

radiação global. Pesquisa Agropecuária Brasileira, v.2, n.7, p.797-800, 1989. 
CASTRO, P.T. Evapotranspiração atual e potencial de uma cultura de milho (Zea 

mays L.). Piracicaba, 1979. 61p. Dissertação (Mestrado) – Escola Superior de 
Agricultura “Luiz de Queiroz”, Universidade de São Paulo. 

COSTA, A.F.S. Influência das condições climáticas no crescimento e 
desenvolvimento de plantas de milho (Zea mays L), avaliada em diferentes épocas 
de plantio. Viçosa, 1994. 109p. Dissertação (Doutorado) – Universidade Federal 
de Viçosa. 

DAKER, A. A água na agricultura: manual de hidráulica agrícola. 3.ed. Rio de 
Janeiro: Freitas Bastos, 1969. v.3 (irrigação e drenagem), 453p. 

DOURADO-NETO, D. Modelos fitotécnicos referentes à cultura do milho. 
Piracicaba, 1999. 229p.: il. Tese (Livre-Docência) – Escola Superior de 
Agricultura “Luiz de Queiroz”, Universidade de São Paulo. 

DOURADO-NETO, D.; SAAD, A.M.; JONG van LIER, Q. Curso de agricultura 
irrigada. Piracicaba: ESALQ, Depto de Agricultura, 1991. 190p. 

FANCELLI, A.L.; DOURADO-NETO, D. Produção de milho. Guaíba: 
Agropecuária, 2000. 360p. 

FANCELLI, A.L.; LIMA, U.A. Milho: Produção, pré-processamento e transformação 
agroindustrial. São Paulo: FEALQ, 1982. 112p. 



Soil Physics and Agriculture 

 

157 

GADIOLI, J.L. Estimativa de rendimento de grãos e caracterização fitotécnica da 
cultura de milho (Zea mays L). Piracicaba, 1999. 86p.: il. Dissertação (Mestrado.) 
– Escola Superior de Agricultura “Luiz de Queiroz”, Universidade de São Paulo. 

LOZARDA, B.I.; ANGELOCI, L.R. Efeito da temperatura do ar e da disponibilidade 
hídrica do solo na duração de subperíodos e na produtividade de um híbrido de 
milho (Zea mays, L.). Revista Brasileira de Agrometeorologia, v.7, n.1, p.37-43, 
1999. 

MONDRAGÓN, V.E.C. Estimativa da produtividade da cultura do milho em minas 
gerais, baseada em vaiáveis climáticas e em tendência tecnológica. Viçosa, 1990. 
68p. Dissertação (Mestrado) – Universidade Federal de Viçosa. 

OMETTO, J.C. Bioclimatologia vegetal. São Paulo: Ceres, 1981. 440p. 
REICHARDT, K. A água em sistemas agrícolas. São Paulo: Manole, 1987. 188p. 
REICHARDT, K. Processos de transferência no sistema solo-planta-atmosfera. 4.ed. 

Campinas: Fundação Cargill, 1985. 466p. 
SALISBURY, F.B. Plant Physiology. Belmont: Wadsworth, 1992. 682p. 
SAUNDERS, L.C.U.; CASTRO, P.T.; MATIAS FILHO, J.; BEZERRA, F.M.L. Uso 

consutivo da cultura do milho sob condições naturais de precipitação na 
microrregião homogênea de Quixeramobim. In: CONGRESSO BRASILEIRO 
DE ENGENHARIA AGRÍCOLA, 14., Fortaleza, 1984. Anais. Fortaleza: 
UFC/SBEA, 1984. p.142-151. 

SPITTERS, C.J.T.; TOUSSAINT, H.A.J.; GOUDRIAAN, J. Separating the diffuse 
and direct component of global radiation and its implications for modelling 
canopy photosynthesis. I: Components of incoming solar radation. Agricultural 
and Forest Meteorology, n.38, p.217-229, 1986a. 

SPITTERS, C.J.T.; TOUSSAINT, H.A.J.; GOUDRIAAN, J. Separating the diffuse 
and direct component of global radiation and its implications for modelling 
canopy photosynthesis. II: Calculation of canopy photosynthesis. Agricultural and 
Forest Meteorology, n.38, p.231-242, 1986b. 

THORNLEY, J.H.M. Mathematical models in plant phisiology: a quantitative 
approach to problems in plant crop phisiology. London: Academic Press, 1976. 
318p. 

VANCLOOSTER, M.; VIAENE, J.; DIELS, J.; CHRISTIAENS, K. Wave: a 
mathematical model for simulating water and agrochemicals in the soil and 
vadose environment. Leuven: Katholieke Universiteit Leuven Press, 1994. 1v. 

VILLA NOVA, N.A.; PEDRO Jr, M.; PEREIRA, A.R.; OMETTO, J.C. Estimativa 
de graus-dia acumulados acima de qualquer temperatura base, em função das 
temperaturas máxima e mínima. Cadernos de Ciências da Terra, São Paulo: 
Instituto de Geografia/USP, n.30, 1972. 8p. 

VILLA NOVA, N.A.; SANTIAGO, A.V.; RESENDE, F.C. Energia solar: aspectos 
físicos e de captura pela biomassa. Piracicaba: ESALQ/USP, 2001. 20p. 

VILLANUEVA, J.G. Estudo do coeficiente de transferência do vapor d’água sobre a 
cultura do feijão. Piracicaba, 1987. 58p. Dissertação (Mestrado) – Escola Superior 
de Agricultura “Luiz de Queiroz”, Universidade de São Paulo. 




