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Abstract

The main aim of this study was to carry out an evaluation of soil fertility and fertilisation practices for irrigated 
maize (Zea mays L.) under Mediterranean conditions in central Chile. Soil samples were collected from 31 
maize fields for macro- and micronutrient analysis; additionally a crop management survey was carried out 
in each field. These data were used to identify the range of critical soil-test concentrations of nutrients and 
the relationships among these soil fertility parameters; to assess the relationship between maize yields and 
nutrient status of soils; to evaluate the current fertiliser practices of farmers comparing them with nitrogen (N), 
phosphorus (P) and potassium (K) fertiliser model calculations; and to analyse whether The results showed that 
there was a dominance of neutral-alkaline soils with low organic matter and N levels, and high P, cations and 
micronutrient levels. Regression analysis explained at least 59% of the variation in maize yields, when soil pH 
and available zinc (Zn) content were identified as the most important variables controlling maize yield. Results 
suggest that in neutral-alkaline soils cultivated with maize and high inputs of N-P-K, there may be a maize yield 
response to Zn applications. It was found that most farmers over-fertilised with N (from 60 to 360 kg N ha-1) and 
P (from10 to 120 kg P2O5 ha-1), converting maize fields in an important non-point source of pollution of water 
bodies in central Chile.
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1. Introduction

Maize (Zea mays L.) is the third most important crop 
worldwide after rice (Oryza sativa L.) and wheat 
(Triticum aestivum L.). In Chile during the 2012-2013 
season, maize covered approximately 140.000 ha, 
producing 1.4 million tons grain, representing 20% 
of the total annual crop surface with a mean yield 

of 13 ton ha-1, which is one of the highest yielding 
in the world. This is largely due to the favourable 
Mediterranean climate conditions of temperature 
and solar radiation. Furthermore, in Chile maize 
is cultivated using conventional irrigation systems 
during the growing season. 
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To maintain these high yields farmers need to apply 
high levels of nitrogen (N), phosphorus (P), potassium 
(K) and other nutrients. However, soil analyses are not 
extensively used by maize small farmers in central Chile 
to determine N-P-K fertiliser doses. In contrast, most of 
them consider that applying fertiliser to a maize crop is a 
cost that can always generate a return within the current 
crop cycle. However, although N is the most important 
nutrient for crop production, and N fertilisation rates 
have been increasing in Chile in recent decades, in many 
cases, this has not resulted in a proportional increase in 
crop yields (Casanova et al., 2013). Clearly this common 
approach to N fertiliser management not only reduces 
expected net returns but also increases the risk of over 
or under-fertilisation in maize fields, where soil-bas al., 
2006). Therefore, it is important to provide to the farmer 
appropriate decision support tools that will allow them 
access to better N fertiliser recommendations (Robertson 
and Vitousek, 2009).
Recently, in Mediterranean zones of Chile there are 
further concerns because N and P over-fertilisation in 
irrigated maize fields can be associated with a high risk of 
diffuse pollution of water bodies (Casanova et al., 2013; 
Fuentes et al., 2014; Salazar et al., 2014). This is because 
in addition to applying high levels of N and P most of 
farmers utilise a furrow irrigation system with low 
application al., 2013). Similarly, in other Mediterranean 
areas in the world, irrigated maize fields with high N 
doses have been highlighted as at high risk of creating N 
diffuse pollution areas (Berenguer et al., 2009; Salmerón 
et al., 2012). 
On the one hand, Casanova et al. (2013) reported that in 
the Mediterranean zone of Chile there are mainly neutral to 
alkaline soils, where on high-pH soils may occur nutrient 
deficiencies such as boron (B), copper (Cu), iron (Fe), 
manganese (Mn) and zinc (Zn).In Particular, FAO (2006) 
noted that among the microelements, Zn deficiency is 
the most widespread problem in maize fields, mostly 
related to alkaline calcareous soils and soils with low 

organic matter content. On the other hand, Casanova et 
al. (2013) also found that the levels of soil organic carbon 
(SOC) stocks are usually low (SOC<2.5%) which could 
be mainly related to a biological degradation of soils 
occurring because most farmers usually burn the maize 
stalks after the harvest with a low recycling of nutrients 
from the crop residues. However, it could not be discarded 
a fast SOC mineralization under irrigated conventional 
tillage system with high temperature and soil humidity in 
the Mediterranean zone of Chile (Martínez et al., 2013).
Good soil conditions in Mediterranean central Chile, e.g. 
deep, neutral pH, low salt and sodium content (Casanova et 
al., 2013) suggest that maize yields would be increased if an 
adequate soil fertility program is implemented, for example 
through the support of state subsidies. However, there is 
a lack of information about the nutrient status of soils to 
facilitate the implementation of better soil fertility practices. 
The main aim of this study was to carry out an evaluation 
of soil fertility and fertilisation practices for irrigated maize 
(Zea mays L.) under Mediterranean conditions in central 
Chile. Some specific objectives of this study were(i) to 
identify the range of critical soil-test concentrations of N, 
P, K, Ca, Mg, B, Cu, Fe, Mn and Zn and the relationships 
among these soil fertility parameters in soils cultivated 
with maize; (ii) to assess the relationship between maize 
yields and nutrient status of soils; (iii) to evaluate the 
current fertiliser practices of farmers comparing them with 
N-P-K fertiliser model calculations; and (iv) to analyse 
whether the current N and P fertiliser practices represent an 
environmental risk due to over fertilisation.

2. Materials and Methods

2.1. Site description

The study was carried out on 31 maize fields located 
in the communes of Pichidegua (34°21´S, 71°16´W, 
160 m a.s.l.) and Peumo (34°23´S, 71°10´W, 186 m 
a.s.l.) in central Chile (Table 1). Maize was sown in 
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spring (September-October 2012) and harvested in 
autumn (March-April 2013). Usually, a commercial 
hybrid maize adapted to this area are drilled with 10-
13 cm, regarding spacing between rows of 75 cm, 
for an anticipated stand of about 95.000 plants ha-1. 
In these fields the maize grain yields ranged from 
11 to 18 t ha-1. During the growing season the maize 
was irrigated using a furrow system with low water 

use efficiency (<45%), where approximately 18.000 
m3ha-1 were applied during the crop cycle.
All fields included in this study have a climate described 
as semi-arid Mediterranean, with hot summers and 
relatively cold winters, a mean annual air temperature of 
14.9 ºC (29.0 ºC in January and 4.9ºC in July) and a mean 
annual precipitation of around 700 mm, mostly falling 
between May and October.

Table 1. Soil classification and textural classes

 
 
a According to CIREN (2002).
b According to Soil Survey Staff (2014). 
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2.2. Soil sampling and analyses

In each field, soil samples were collected at 0-20 cm 
depth intervals during September 2012 before maize 
was sown and a composite soil sample of 10 to 20 
constituent samples was collected. The soil samples 
were dried at room temperature and sieved at 2-mm. 
Chilean standard methods for chemical soil analysis 
according to Sadzawk et al. (2006) were used for 
measuring soil fertility parameters that may have a 
direct impact in the maize yield in the study area, such 
as: available nitrogen (NO3+NH4) by KCl extraction 
and steam distillation system Kjeldahl, available 
phosphorus (P) by Olsen test; available potassium (K) 
and exchangeable calcium (Ca) and magnesium (Mg) 
extracted with ammonium acetate at pH 7;boron (B) 
by hot water method; extractable copper (Cu), iron 
(Fe), manganese (Mn) and zinc (Zn) by the DTPA 
method; soil pH was determined in a 1:2.5 soil: water 
ratio; and soil organic matter (OM) by calcination 
(360 °C). Sulphur (S) was not included because most 
soils in the study area present high available S status 
(available S >12 ppm) due to S addition by irrigation 
water. In addition, soil texture was determined by 
the hydrometer method (Sandoval et al., 2012). The 
results of chemical soil analyses were classified 
according different standards used in Chilean soils 
(see Table2), whereas soil reaction (pH) was classified 
as: ultra acidic (< 3.5), extremely acidic (3.5 - 4.4), 
very strongly acidic (4.5 - 5.0), strongly acidic (5.1 - 
5.5), moderately acidic (5.6 - 6.0), slightly acidic (6.1 
- 6.5), neutral (6.6 - 7.3), slightly alkaline (7.4 - 7.8), 
moderately alkaline (7.9 - 8.4), strongly alkaline (8.5 
- 9.0) and very strongly alkaline (> 9.0).

2.3. Optimum dose of N-P-K fertilisers

A survey regarding maize yields, fertilisation and soil 
management from March-April 2013 was conducted 

for each field. During this time farmers applied two 
types of fertilisers: a mixed fertiliser 25-10-10 (%N 
- %P2O5 - %K2O, respectively) at planting using 
subsurface band and urea (46-0-0) and side-dressing 
after planting, which supplied between 350 to 560 kg 
Nha-1, 75 to 90 kg P2O5ha-1 and75 to 90 kg K2O ha-1. 
For comparison between common farmer fertiliser 
rates and calculated N-P-K doses based on maize 
demand and available N-P-K soil status the following 
equations were used: (i) to calculate the N dose 
Stanford’s classic approach was used that included a 
mass N balance for assessing crop N fertiliser needs 
by considering N uptake at a specific dry matter yield 
level and N contributions from non-fertiliser sources. 
Thus the recommended N rate of fertiliser was 
calculated according to Equation (1):

N demand (kg N ha-1) = Y× (1

H

H1

INR) X 100 100             (1)
					   
 
where: Y is the grain yield (kg ha-1), H is grain moisture 
content (%), INR is the internal nitrogen requirement 
(%) and HI is harvest index (-). Y was estimated for 
each field according site conditions, including maize 
hybrid yield and soil factors such as soil depth and 
soil compaction. In addition N rate per hectare is 
calculated as Equation (2):

(2)N rate (kg N ha (-1) = 
N demand (kg N ha(-1)-Net N mineralization (kg N ha (-1)

NEf
100

 
 
where:NEf is the N fertiliser efficiency (%), mostly 
depending on soil type and irrigation system, where 
Chilean studies suggest Ef values range from 50% to 
65% (Opazo et al., 2008); and the net N mineralisation 
potential of soils that depend on soil management and 
N recycling (see Table 3).
(ii) to calculate the P and K doses, the principle of the 
law of diminishing returns was used, assuming that 
as the nutrient status of the soil increases, the maize 
response to P and K fertilisation decreases, until 
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the point where soil levels reach 20 mg P-Olsenkg-1 
and 150 mg available-K kg-1, these called critical 
values (CV), when there is no response to fertiliser 
application.Thus P and K fertiliser rates can be 
calculated as shown in Equation (3) and Equation (4), 
respectively. 

(3)P rate (kg P2 O5 ha(-1) =
(Pcv-Psa)×Db×SD×2.29×10

NEf
100

	
	

where: Pcv is the critical value for P-Olsen in the soil 
(mg P-Olsen kg-1), Psa is the measured soil analysis 
value for P-Olsen in the soil (mg P-Olsen kg-1), Db is 
the estimated bulk density (Mg m-1), SD is soil depth 
(m) and PEf is P fertiliser efficiency (%), where PEf is 
usually assumed around 60% in soils of central Chile.

(4)K rate (kg K2 O ha(-1)=
(Kcv-Ksa)×Db×SD×1.2×10

NEf
100 

where:Kcv is the critical value for available K in the 
soil (mg K kg-1), Ksa is the measured soil analysis 
value for available K on the soil (mg K kg-1) and KEf 
is K fertiliser efficiency (%), where KEf ranges from 
80% for fine-textured soils to 95% for coarse-textured 
soils depending on the degree of K adsorbed of clay 
particles on soils. 

2.4. Statistical analyses

To identify relationships among soil fertility 
parameters Pearson’s correlation matrices were 
calculated. In addition multiple regression models 
were developed using soil fertility assessment data to 
explain variation in maize yields, where a backward 
selection procedure was performed by deleting 
predictors from the existing model based on the F-test. 
The significance of the regression variables in the 
multiple linear regressions was evaluated through the 
calculation of an adjusted coefficient of determination 

(R2
adj). The analyses above were performed using 

Minitab 15.

3. Results and Discussion

3.1. Properties and nutrient status of soils

Results were related to the index of nutrient availability 
as shown in Table 2. Table1 shows the variability of 
soil texture in the studied soils, where a broad range of 
textural classes were found ranging from sandy loam 
to clay, which corresponds to Mollisols, Inceptisols 
and Alfisols according Soil Taxonomy (Soil Survey 
Staff, 2014).
Soil pH analyses showed that soils were classified 
as: slightly acidic (3% of the total), neutral (55% 
of the total), slightly alkaline (39% of the total) 
and moderately alkaline (3% of the total). Clearly 
there was a dominance of neutral-alkaline soils that 
is mainly due to the low-rainfall and high level of 
reference evapotranspiration in this Mediterranean 
zone, where there is little leaching of the base-
forming cations to the lower soil horizons (Casanova 
et al., 2013). 
Soil samples showed that soil organic matter (OM) 
contents were: very low (13% of the total), low (68% 
of the total), medium (13% of the total) and high (6% 
of the total). It is important to note that in these soils 
the highest OM levels were found where farmers 
have been incorporated the maize residues for several 
years (> 5 yr); in contrast the soils with very low OM 
contents were found where farmers usually burn the 
crop residues after the grain harvest. In general the 
soils in the zone studied show low OM levels (mean 
2.17%), which is linked to the biological degradation 
of the soils due to conventional tillage, a high OC 
decomposition rate and the low recycling of plant 
residues (Salazar et al., 2011a; Casanova et al., 2012; 
Martínez et al., 2013).
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Table 2. Chemical soil ranges related to the index of nutrient availability

 

 

 

 

 

 

 

 

 

 

 

aSoil standard for Soil and Water Chemistry Laboratory at University of Chile.
b Rodríguez (1993).

Table 3. Net nitrogen (N) mineralisation potential of soils in central Chile

aAdapted from Matus and Rodríguez (1994) and Rodríguez et al. (2001).
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Table 4. Pearson correlation matrix for clay, pH, soil organic matter (OM), nitrogen (N), phosphorus (P), potassium (K), 
calcium (Ca), magnesium (Mg), boron (B), copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn). *apvalue <0.001 was taken 
as a threshold to select the most significant variables (shown in bold).

Figure 2a-b shows box plots for macronutrient 
content of soils. N levels were mainly very low 
(62% of the total), although low (19% of the total) 
and medium (19% of the total) levels of available 
N contents of soil were also found. These results 
suggest that net N mineralisation during early spring 
is negative, because soil temperatures (< 10 °C) are 
not in the optimum range (25-35 °C) to facilitate 
mineralisation-nitrification. Olsen-P values were 
mostly high (55% of the total) and medium (39% of 
the total), whereas fewer soil samples had low (3% 
of the total) and very low (3% of the total), which 
suggested that P over-fertilisation has been building 
up a high P status in these soils. Soil available K 
were typically high (91% of the total), with very 
few cases of very low (3% of the total), low (3% 
of the total) and medium (3% of the total), largely 
due to K fertilisation, the high K source from the 
parental material and the low risk of K leaching in 
these soils. 

These macronutrients (N-P-K) did not show any 
significant (p>0.001) relationship with other 
variables in the soil according to the Pearson 
correlation matrix (Table 4). This suggests that 
available N (NO3+NH4) content depends on other 
soil variables than those included in Table 4, such 
as C/N ratio, temperature, soil moisture content, 
soil aeration and population of soil microorganisms, 
which were not considered in this study. Similarly, 
P and K content may depend more on corresponding 
P and K fertilisation rates applied during previous 
years rather than the soil variables considered in the 
correlation analysis (Table 4).
About 55% of the total number of samples had high 
levels of exchangeable Ca, with a number of cases 
of medium (42% of the total) and few samples with 
low (3% of the total) levels. Most soil samples had 
high levels of exchangeable Mg (78% of the total), 
with few cases of medium (19% of the total) and 
low (3% of the total) levels. Clearly Ca and Mg 
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status are directly related to the cation supply from 
parent material and the low amount of precipitation 
in a Mediterranean climate, where cation losses 
by leaching are small (Casanova et al., 2013). In 
addition, exchangeable Ca and Mg showed a strong 
positive correlation (p<0.001) with the clay content 
of the soil (Table 4), which further correlates with the 
premise that soil with a high clay content presents a 
high cation exchange capacity (Bergaya et al., 2013).
Figure 1c-dshows the box plots for microelements content 
in the soils. A high extractable B concentration (>1 mg 
extractable B kg-1) was found in all the soil samples 
analysed. Clearly extractable B had a strong positive 
correlation (p<0.001) with the clay content, because finer-
textured soils retain B for longer periods than coarser-
textured soils due to B adsorption by clays (FAO 2006). All 
the soil samples showed high extractable Fe concentrations 
(>16 mg extractable Fekg-1). In addition, soil extractable 
Fe concentrations showed a strong negative correlation 
(p<0.001) with increments of soil pH (Table 4). It is well 

known that low soil Fe availability is most often observed 
in high pH soils (Rashid and Ryan, 2004). Soil extractable 
Mn concentrations were high (>10 mg extractable Mnkg-1) 
and did not present any strong correlation (p>0.001) with 
other soil characteristics. It may suggest that other soil 
factors are affecting soil Mn availability such as soil water 
content and redox potential (Kögel-Knabner et al., 2010). 
All the soil samples had high extractable Cu concentrations 
(>4 mg extractable Cu kg-1), although Cu availability does 
not show a clear correlation with pH and other factors. 
This may be related to Cu contamination of irrigated soils 
due to copper mining activities or of natural origin from 
the weathering of rocks containing Cu (Casanova et al., 
2013). Soil extractable Zn levels were mainly high (68% 
of the total) and medium (32% of the total). Extractable 
Zn contents on soils showed a strong positive correlation 
(p<0.001) with OM (Table 4). This is consistent with the 
literature that points out that Zn forms stable complexes 
with OM, where mainly humic and fulvic acid fractions 
are prominent in Zn adsorption (FAO,2006).

 
 
 
 
 
 
 
 
Figure 1. Variability of:a) available nitrogen (N), phosphorus (P) and potassium (K); b) exchangeable calcium (Ca) and magnesium 
(Mg); c) availableiron (Fe), manganese (Mn) and copper (Cu); and d) available boron (B) and zinc (Zn) found in the maize farms 
studied(n=31). The box plot indicates the average, 25% and 75% quartiles and maximum and minimum values observed. 
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Figure 2. Relationship between maize yield and pH-Zn levels (n=31).

 
 
 
 
 
 
 
 
 
 
Figure 3. Calculated and observed values of nitrogen (N), phosphorus (P) and potassium (K) in maize farms (n=31). Dots under 
the 1:1 line represent under-fertilisation by the farmers and vice versa.

3.2. Relationship between maize yield and nutrient 
status on soils 

Equation 5 shows the regression model for maize 
yield generated through multiple regression analysis 
using the data from the farms studied (n=31). This had 
seven explanatory variables that yielded an adjusted 
coefficient of determination (R2

adj) of 0.59.

Yield = 368 - 25.2 pH + 17.3 Zn - 0.0828 K + 1.67 
MO - 0.452 P - 0.303 Mn - 0.654 Cu 	 (5)
Soil pH was negatively correlated to yield, related 
to the fact than when soil pH increases there is a 
decrease in the availability of some micronutrients. It 
is well known that maize suffers from micronutrient 
deficiencies, such as Zn (Rashid and Ryan, 2004). 
For instance in the regression analysis, Zn availability 
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was positively correlated to yield. Although we found 
high levels of Zn (>1 mg Zn-DTPA kg-1) ranging 
between 0.6 and 4.3 mg Zn-DTPA kg-1 (mean=1.6 
mg Zn-DTPA kg-1, n=31; Figure 1d), these regression 
results suggest that there are still increases in the maize 
yields when the soil levels of Zn are over 1 mg Zn-
DTPA kg-1. Therefore, the Zn medium-high status level 
currently used in this study (Table 2) is not a good 
predictor of maize grain yield. These results suggest 
that in neutral-alkaline soils cultivated with maize 
and high inputs of N-P-K, there may be a maize yield 
response to Zn applications. Clearly pH and Zn had the 
highest impact on maize yield as is shown in Figure 
2, which illustrates that yields are decreasing when 
pH increases, but that the opposite occurs when Zn 
level are increasing. Kanwal et al. (2010) in a study 
in Pakistan (soil pH= 8.0) showed that with an initial 
value of 0.7 mg Zn-DTPA kg-1 the maize responded 
to Zn application even when the doses were between 
6-18 kg ZnSO4 ha-1. Similarly, a number of studies have 
shown that if there is a good N-P-K status on soils the 
application of Zn would enhance the maize grain yield 
in other arid and semiarid regions (Manzeke et al., 
2012; Mena et al., 2013). In addition, further studies 
are needed to develop an equation for calculating Zn 
fertilisation rates based on Zn-DTPA soil levels, which 
considers factors affecting Zn availability such as: soil 
pH, Zn adsorption, OM and interactions with other 
micronutrients (e.g. Cu, Fe and Mn).
Other variables had a lower impact on maize yields, 
such as i) available K was negatively correlated to 
yield, which suggests that very high K levels may 
generate some antagonism with other cations by 
depressing the uptake of NH4

+, Ca2+ and Mg2+; ii) in a 
similar way, available P was negatively correlated to 
yield, which may indicate that high levels of available 
P may produce antagonism with other elements such 
as Zn; iii) on the other hand, OM was positively 
correlated to maize yield, confirming the conclusions 

of extensive research regarding the benefits of OM 
for crop production through improving soil fertility, 
soil physical properties and soil biodiversity (Lal, 
2009) and; iv) in contrast, Mn and Cu were negatively 
correlated to maize yield, which suggest that excessive 
amounts of these micronutrients may generate toxicity 
in maize growing. 

3.3. Comparison between common farmer practices 
and calculated N-P-K fertiliser application rates

Figure 3shows a scatter diagram comparison 
between calculated N (Equation. 2), P (Equation 
3) and K (Equation 4) fertiliser rates and common 
N-P-K fertiliser rates reported by farmers from the 
31 fields included in this study. Clearly, all maize 
fields were N over-fertilised, when farmer applied N 
rates higher than the calculated N rates (maximum 
recommended of 350 kg N ha-1), and over-fertilisation 
amount ranged between 60 and 360 kg N ha-1. For P 
fertilisation rates, 94% of the farmers over-fertilised 
and 6% under-fertilised, and over-fertilisation amount 
ranged between 10 and 120 kg P2O5 ha-1, whereas 
under-fertilisation amount ranged between 15and 40 
kg P2O5ha-1. In general, the soils in this Mediterranean 
zone showed high soil K levels (> 120 mg kg-1 
available K) (Casanova et al., 2013). In our study 
most fields were K over-fertilised, except in three 
fields (n=31) where K fertilisation rates were lower 
than the K calculated doses, with over-fertilisation 
amount ranging between 60 and 120 kg K2O ha-1, 
whereas under-fertilisation ranged between 60 and 
195 kg K2O ha-1.
The resulting N recommendation according to 
Equation 2 assumed that the soil supplies a constant 
proportion of plant available N, however, previous 
management of N fertilisation indicated that this 
assumption is not correct (see Table 3) and there is 
an additional risk for N over or under fertilisation. 



Journal of Soil Science and Plant Nutrition, 2015, 15 (1), 84-97

94       Nájera et al.

Although, the latter N mass balance approach for 
N rates calculations have been widely accepted 
for Chilean soils, it is necessary to calibrate an N 
test that allows an N site-specific recommendation 
according with the temporal and spatial variability 
of N concentration in the soil under local conditions 
(Montemurro et al., 2006; Mulvaney et al., 2006). 
Similarly, Berenguer et al. (2009) in a study of N 
fertilisation of irrigated maize under Mediterranean 
conditions recommended that soil N content before 
planting and fertilising should always be taken into 
account in N fertilisation calculations.
Although the amounts of P and K calculated using 
the critical soil value approach are in accordance with 
local experience in recent decades, new maize hybrids 
which have been introduced in the crop system must 
also be taken into account. These hybrids along with 
optimal climate conditions and irrigation during 
the growing season may allow farmers in this zone 
to obtain yields of over 20 t ha-1. The latter means, 
that the actual P and K critical soil values and the 
corresponding fertiliser responses should be updated 
using field experiments.
It is important to note that other management 
practices may affect N-P-K fertiliser calculations. 
Salazar et al. (2013) in a survey of maize production 
in the O’Higgins Regions found that: i) most fields 
showed a high degree of soil physical degradation, 
mainly plow pan, which may restrict the root 
development and in consequence nutrient absorption; 
and ii) low irrigation efficiency (<45%) that may 
favour high water percolation and surface runoff, 
which are directly related to N and P losses from the 
soils, reducing N and P use efficiency. In this sense, 
Di Paolo and Rinaldi (2008) in a study of yield 
response of maize to irrigation and N fertilisation 
in Mediterranean conditions noted that there was a 
significant interaction between N fertilisation rate and 
irrigation for maize yield.

3.4. Environmental impacts of N and P over-
fertilisation

We found that all N rates exceeded yield potential 
indicating that residual N, mainly NO3

-, may leach 
if there is sufficient water to lead below the root 
zone. The NO3

- leaching rates are high and cause 
groundwater contamination, particularly in coarse-
textured soils with low water retention capacity 
(Salazar et al., 2009).
Similarly, most of the time, excessive P rates in 
addition to the continued use of P fertilisers greater 
than crop needs could produce a build-up of P in soil. 
This excessive P enrichment in soils can increase the 
potential for losses of P to surface water by surface 
runoff and groundwater by leaching (Salazar et al., 
2011b).
Therefore N and P over-fertilisation can increase the 
risk of N and P soil saturation where later irrigation 
furrow runoff can transfer N and P to nearby surface 
waters during the growing season (Casanova et al., 
2013). In addition, these fields are fallow during the 
autumn-winter season, when intensive precipitation 
events occur, increasing the risk of movement of 
residual N and P from the fields towards surface and 
subsurface waters. Similarly, in other Mediterranean 
zones, it has been reported that most N and P off 
loads from agricultural areas were generated during 
the winter season (Casalí et al., 2008). Therefore 
mitigation measures are needed to reduce the high 
risk of N and P diffuse pollution, such as optimal N 
and P fertiliser application, improvements in irrigation 
efficiency, the use of slow release fertiliser and the 
setting of buffer strips. Regarding the latter, in a pilot 
study in the zone, Tapia and Villavicencio (2007) 
showed promising results in attempts to reduce N and 
P loads by using buffer strips of trees and pastures to 
protect surface water. Recently, Gabriel et al. (2012) 
replacing bare fallow with cover crops, in maize 
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cropping systems have been successfully reduced N 
leaching during winter period in other Mediterranean 
Regions. In addition, Lu et al. (2010) recommend that 
the application of chemical fertilizer and maize straw 
with a wide C/N ratio is an important measure for 
reducing the N surplus and in consequence to reduce 
its loss.

4. Conclusions

We found that in the soils cultivated with maize in 
central Chile under Mediterranean conditions there 
was a dominance of neutral-alkaline soils with low 
OM, low N levels, high P, high cations (Ca and Mg) 
and high micronutrients (B, Cu, Mn, Fe and Zn) 
levels. 
Regression models explained at least 59% of 
the variation in maize yields, based on adjusted 
determination coefficient (R2

adj) calculations, which 
showed that soil pH and Zn content were identified as 
the most important variables controlling yield. Results 
suggest that in neutral-alkaline soils cultivated with 
maize and high inputs of N-P-K, there may be a maize 
yield response to Zn applications.
During maize growing season in this Mediterranean 
zone a combination of two factors: soil N and P 
saturation due over-fertilisation and furrow irrigation 
systems that move this nutrient surplus that enter 
water bodies convert maize field in an important non-
point source pollution that damage downstream users 
and environments. Therefore mitigation measures are 
needed such as optimal N and P fertiliser application, 
improvements in irrigation efficiency, the use of slow 
release fertilisers and the setting of buffer strips.
Indeed in the Mediterranean zones of Chile under 
irrigation, higher maize grain yields represent 
the greatest opportunity for reducing per-unit 
production cost, where fertiliser management is a 
key factor for increasing these yields. However, the 

unacknowledged importance of assessing nutrient 
soil status and the consequential risk of the incorrect 
application of fertilisers may be a great constraint to 
achieving this objective.
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