











Understanding relationships between sensor-based
measurements and soil properties related to soil qual-
ity may help to develop soil management strategies
to simplify the detailed soil and plant evaluation by
conventional sampling (Mertens et al., 2008). Figure
6 shows the EC_ (0-0.30 m) and NDVI maps of the
studied field in 2013 . This georeferenced informa-
tion, obtained by soil electrical resistance and active
crop sensors, respectively, show the important spa-
tial variability of measured parameters in the studied
field, especially the EC_ (spatial CV=60%), which
confirms the spatial variability identified directly in

the measured soil parameters.

Figure 6. Maps of EC, (top, March 2013) and NDVI
(bottom, May 2013) of the studied field.
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According to André et al., (2012), the vegetation vig-
or (measured by NDVI) integrates the influence of all
environmental factors, whereby vine NDVI can po-
tentially be related to soil characteristics, such as elec-
trical conductivity. In particular, high soil electrical
conductivity values correspond to either high water,
clay or nutrient contents, or a combination of these
three (Corwin and Lesch, 2005). It would therefore
be expected that a high electrical conductivity would
correspond to a high NDVI, as these factors gener-
ally favour plant growth. However, this relationship
is complex and factors such as soil compaction may
have an opposite effect, namely, increasing EC, while

limiting plant growth (André et al., 2012).
4. Discussion
4.1. Soil and plant spatial variability

Considering the classification proposed by Unamun-
zaga et al., (2014) based on the spatial CV, the spatial
variation for some soil properties are high (>35%), es-
pecially with regard to the P205 (CV> 160% in 2011
and 80% in 2013) and EC_ (CV = 60%). Potassium
(CV~30%), organic matter and texture (with spatial
CV between 15 and 35%) were moderately variable;
pH is even less variable with a CV of less than 5%.
The undulating topography (approximately 20 m of
difference in elevation between the highest and the
lowest sampled points in the studied field, Figure 1),
contributes decisively to spatial variability of the soil
and crop characteristics.

In the case of plants, P,O, and K,O were moderately
variable (CV~25%), while NDVI showed reduced
variability (CV<15%). It is evident (Figure 4) that
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plant P,O, and K,O levels are, in almost generality
of the study area, adequate or high, which do not
reflect the measured soil concentrations. These re-
sults show the plant’s ability to maintain adequate
levels of nutrients, even if the soil presents rela-
tively low concentrations. The nutrition of plants is
predominantly controlled by the complex nutrients
dynamics in the soil/rhizosphere-plant continuum
(Shen et al., 2011). Rhizosphere is the interface be-
tween the plant and the soil, where plants acquire
nutrients facilitated by biogeochemical processes
(Larsen et al., 2015).

Under soil nutrient deficiency, plants can develop
adaptive responses not only to facilitate efficient
nutrient acquisition and translocation, but also to
utilize stored nutrient more efficiently or limit nutri-
ent consumption (Shen et al., 2011). An integrated
understanding of the complex defence mechanisms
of grapevine to edaphic stresses could lead to actions
targeted at enhancing natural nutrient cycling, re-
equilibrating the nutritional status of plants and re-
ducing dependence on mineral fertilizers in vineyard
systems (Stevanato et al., 2014). These adaptations
in root morphology and root physiology are a major
grapevine characteristic resulting from its deep root
structure, which allows it to absorb water and nutri-
ents from great depths (Shen et al., 2011; Balemi and
Negisho, 2012), particularly important in the case of
phosphorus because of the relative immobility of
this nutrient in the soil (Balemi and Negisho, 2012).
Smart et al., (2006) observed that vine nutrition is
favoured in the upper horizons with the lower layers

contributing to the overall water supply.
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4.2. Management class maps

Soil nutrient spatial variability and temporal stabil-
ity are two conditions which may justify differential
management and are the basis for spatially variable
fertilization (Blackmore et al., 2003). The distribu-
tion and dynamics of nutrients in soil has a significant
spatio-temporal variation (Shen et al., 2011). Recent
research in precision viticulture has focused on the
use of management zones, which are defined as sub-
field regions within which the effects on the crop of
seasonal differences in weather, soil and management,
are expected to be more or less uniform (Morari et al.,
2009). For this purpose, it is often useful to define
classes from a set of multivariate spatial data stored
in a geographic information system.

The results show a high phosphorus (P,0,) temporal CV
( CV =32.7 + 25.6%; the unstable class represents more
than 50% of the total area), which is unexpected, since
the annual inputs are uniform throughout the parcel and
the extraction by the crop is not significantly different
from year to year. The complexity of soil phosphorus dy-
namics has been demonstrated by several studies. As are-
sult of adsorption, precipitation and conversion to organic
forms, only 10-30% of the applied mineral phosphate fer-
tilizer can be recovered by the crop grown during the year
of application (Balemi and Negisho, 2012). Despite the
low potential for implementing site-specific management
of phosphorus fertilizer, there is potential for implement-
ing site-specific management of potassium fertilizer ( CV
=16.3 = 11.3%; more than 90% of the total area is stable
or moderately stable and 45% below the reference value)
and pH correction ( CV=2.6 = 1.9%; 100% stable and

41% below the reference value).



In practical terms, the management class maps can
help the wine grower undertake an intelligent sam-
pling, fertilization and conditioning strategy for pH,
phosphorous and potassium. In the case of pH, given
its influence on the availability of other nutrients, it
is recommended to confirm in future sampling cam-
paigns any tendency for slightly acid pH values in the
southwest area of the field (see Figures 2 and 3, top).
In the case of phosphorus, there is a clear need to re-
plenish PO levels in approximately 80% of the field
(see Figures 2 and 3, middle), however, the temporal
instability (see Figure 5, middle) hinders the decision
making of the wine grower and justifies extending the
intensive sampling process at least for another cam-
paign in order to confirm if the instability of the soil
phosphorus concentration is maintained and, if so, to
try to identify possible causes and any trends based
on knowledge of the historic fertilizer management at
this field. In the case of potassium,it is recommended
to reduce the amounts of fertilizer, applying it as a
function of the levels of this nutrient in the soil and
to try to identify the causes for visible decline in the
concentration of this nutrient below the values consid-
ered adequate (about 100 mg kg™') in the western part
of the field (see Figures 2 and 3, bottom).

4.3. Relation of EC, and NDVI with elevation, soil

and plant parameters

Table 3 presents the correlation coefficients of EC,
(0-0.30 m) and NDVI data with elevation, soil and
plant parameters. The significant and negative val-
ues of the coefficients of correlation between ECa
and elevation (r=-0.235; p<0.05) and between NDVI
and elevation (r=-0.612; p<0.01) demonstrate the
expected inverse relationship of these attributes,
shown previously by Tarr et al., (2005). Serrano et
al., (2010) also observed higher soil electrical con-

ductivity in lower areas, where soil moisture levels
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tend to be naturally higher at the end of spring, in
Mediterranean climates. Surface topography plays a
significant role in influencing spatial EC_ variation.
Slope and topography will determine the level and
location of water runoff and infiltration, which will
influence the variations in water content and salinity.
Areas with steeper slopes tend to have lower water
content than depressional areas. The influence of
surface topography on salinity distribution coincides
with the influence of surface topography on water
flow gradients, which result in salt transport (Cor-
win and Lesch, 2005). On the other hand, accord-
ing to Fraisse et al., (2001), the vegetative vigour of
plants (and, consequently NDVI) is strongly related
to available water, so its variability can be approxi-
mately determined based on soil physical properties

and topographic characteristics.

Table 3. Significant correlation coefficients of ECa
(0-0.30 m) and NDVI data with elevation, soil and

plant parameters

Parameter ECa (0.30m), NDVI
mS m’!

Elevation, m -0.235% -0.612%*

Soil

Clay, % 0.574%* ns

Silt, % 0.358* ns

Sand, % -0.558** ns

Organic matter, 0.303* ns

%

pH 0.363* 0.244%*

P20s, mg kg'! ns 0.236*

K20, mg kg'! ns ns

Plant

P20s, mg kg! ns ns

K20, mg kg! ns ns

** _Correlation significant at the 0.01 level; *-Correlation

significant at the 0.05 level; ns-Correlation not significant;
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The point to emphasize is the weak, or the lack of
correlation, between the EC_ obtained by the Veris
sensor and soil parameters and between NDVI and
plant parameters. Apparent soil electrical conductiv-
ity measurements are often used directly for mapping
variation patterns in agricultural soils, e.g. to guide
soil sampling or to identify management zones (Ro-
driguez-Pérez et al., 2011). Modelling the relation-
ships between soil variables and EC, is essential to as-
sess and describe the spatial variability within a vine-
yard with sufficient precision. However, the task is
not generally easy because EC, depends on many soil
properties over different spatial scales, in a very com-
plex way (Morari et al., 2009). In this study, the soil
components that were most effectively mapped using
ECa were the physical properties related to particle
size distribution. Apparent soil electrical conductivity
was significantly and negatively correlated with the
coarser texture component (sand; r=-0.558; p<0.01)
and significantly and positively correlated with the
finer ones (clay and silt; 1=0.574; p<0.01 and r=0.358;
p<0.05, respectively). This relationship was also
demonstrated by Morari et al., (2009) and Rodriguez-
Pérez et al., (2011). These soil physical parameters
are of considerable importance for grape quality and
nutrition (Rodriguez-Pérez et al., 2011). Generally the
soil clay content is a soil fertility indicator as it af-
fects structural and hydrological properties as well as
nutrient availability and plant vegetative vigour. The
significant correlation of EC, with soil organic matter
observed in this work (r=0.303; p<0.05) is similiar to
the results of several other studies (e.g., Corwin and
Lesch, 2005). Also the significant correlation of ECa
with pH (r=0.363; p<0.05) is consistent with findings
in previous studies and expected because it reflects
the influence of salts on EC, readings (Serrano et al.,
2010; Peralta and Costa, 2013).

For other chemical properties (such as phosphorus

and potassium), the lack of correlation is in line with

Journal of Soil Science and Plant Nutrition, 2017, 17 (1), 46-61

the findings of Rodriguez-Pérez et al., (2011) who
reported no significant correlation between EC_ and
potassium. Also Peralta and Costa (2013) showed that
EC, was not able to explain the variability in the con-
centration of nutrients of low electric charge, such as
phosphorus and potassium.

Similarly to what happened with soil EC , phosphorus
and potassium, also NDVI showed relatively poor and
non-significant relationships with plant-based nutri-
ents (P,O, and K,0). This is an acceptable behaviour
since the concentration of nutrients in the plants is ad-
equate or high in all extension of the field (see Figure
4). It is, however, expected that in situations of plant
nutrient deficiency, the plant vegetative vigour would
be affected (e.g., the chlorosis of the leaves), a phe-
nomenon detected by optical active sensors (Broge
and Leblanc, 2000). Nutrient deficiency affects the
physiology of different plant tissues, but normally
leaf chlorosis is the most common symptom that can
be observed (Bratasevec et al., 2013). This type of be-
haviour may imply that the best method to monitor
vineyard nutrition, to identify nutritional deficiencies
and to determine the need for nutrition adjustments
would be based on the analysis of leaf nutrient con-
centration, because plants integrate all relevant soil
conditions and express their nutritional deficiencies or
toxicity in the vegetation. However, producers know
that this method is relatively expensive, and they nor-
mally cannot obtain the spatial and temporal resolu-
tion required to optimize vineyard fertilization.
According to Homolova et al., (2013) it is possible
to measure the concentration of phosphorus in plants
using spectral empirical estimation models with av-
erage coefficients of determination of approximately
0.57. However, Pimstein et al., (2011) reported that
no vegetation index specifically for plant P estimation
has been found. Therefore, a certain inconsistency ex-
ists among studies related to the use of spectroradiom-

eters for this purpose and further research is necessary



to solve some still-unclear aspects between spectral
responses and plant nutrient concentration, namely,
the low concentration of some nutrients in the leaves
(e.g. mean P,0,<0.5%) and the real influence of can-
opy structure on spectral measurements (Balemi and
Negisho, 2012). Additional works should evaluate
and validate the active optical sensors in confirmed
situations of plant deficiency.

In the past two decades, significant progress has been
made in understanding soil, rhizosphere, and plant
processes associated with soil nutrient transforma-
tion, mobilization and deficiency responses. How-
ever, many aspects of overall nutrient dynamics in the
soil-rhizosphere-plant continuum are not thoroughly
understood, including plant sensing of heterogeneous
nutrient supply in soil (Shen et al., 2011). On the
other hand, over the past 10 years, a number of new
technologies based on electromagnetic properties and
on multiespectral responses have emerged, whereas
great progress has also been made in other existing
technologies, such as infrared sensors, X-ray, nuclear
magnetic resonance and magnetic resonant imaging
(Ruiz-Altisent et al., 2010). These developments
have opened new areas of research in agriculture
as well as new applications for sensing crop qual-
ity (Ruiz-Altisent et al., 2010). It is expected that
this situation will lead to the development of new
field operational sensors, capable of detecting the
concentration of nutrients in plants and allow the
implementation of differential fertilizer management
without the use of the complex and time-consuming

process of spatial sampling.
5. Conclusions

This study, focusing on the evaluation of spatial
and temporal variability of phosphorus and potas-
sium in the soil and plant, shows the necessity of

new paradigms in vineyard fertilizer management.
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The conventional approach, based on composite soil
samples, not taking into account the variability of soil
fertility and plant nutrients concentration, is expensive
and does not respond to the challenges offered today by
variable rate technology in viticulture. The quantitative
soil and plant analysis showed potential for implement-
ing site-specific management. Given the importance
of phosphorus and potassium for plants and their im-
portance as a strategic resource, a better understanding
of the nutrients dynamics in the soil-rhizosphere-plant
continuum is necessary to guide the establishment of
integrated nutrient management strategies.
Georeferenced information obtained by soil resistance
and active crop sensors used in this study showed sig-
nificant spatial variability in the studied field, which
justified the interest in detailed evaluation of soil and
plant parameters. However, the correlation of EC,
with soil phosphorus and potassium and of NDVI
with plant phosphorus and potassium is poor, which
can be associated, respectively, with the capacity of
the roots to explore soil layers deeper than the sam-
pling depth (0.30-0.50 m) and the difficulty of the ac-
tive optical sensor in detecting low concentrations of
nutrients in plants unless these are visibly manifested
under the form of leaf chlorosis.

These results show that vine nutrition management
and optimization are rather complex and that current-
ly, the challenge in terms of research, is to develop
or adapt expedite, inexpensive and reliable tools, with
acceptable spatial and temporal resolution for moni-

toring spatial variability of soil and plant nutrients.
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