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a  b  s  t  r  a  c  t

Plant  analysis  plays  a  major  role  in  fertilizer  recommendations  for perennial  tree  crops  and  vines.  Plant
analysis,  however,  does  not  quantify  the rate  of nutrients  to apply.  The  approach  developed  in this work
takes  into  account  the content  of  the  nutrients  in  grapevine  parts  and  their  dynamic  within  the plant
to  assist  in  the  estimation  of  the  amount  of fertilizer  to  apply. Groups  of three  vines  were  cut  at ground
level  on  four  different  dates  from  September  14th  to November  28th.  On  the  first  sampling  date  the
vines  were  separated  into  trunk,  cordons,  canes,  leaves  and clusters  for  determination  of  dry  matter
content  and elemental  composition.  On  the following  dates  the vines  were  separated  into  the  plant  parts
that were  still  present,  since  the  clusters  were  only  present  on  the  first  sampling  date  and  the  leaves
on  the  first  two.  To  assess  the  mobility  of  nutrients  within  the plant,  samples  of  phloem  vessels  and
sawdust  of the  entire  trunk  were  taken  as well  as  samples  of chlorotic  and  green  leaves.  Nitrogen  (N),
potassium  (K),  phosphorus  (P)  and  boron  (B) showed  mobility  within  the  plant  whereas  calcium  (Ca)
and  magnesium  (Mg)  did  not. The removal  of nutrients  in clusters  is  critical  for  estimating  N  and  K
fertilizer  rates.  Clusters  removed  19.9  kg N  ha−1 and  28.7  kg K ha−1. In  the case  of  N,  it  is also  important
to assess  the system’s  ability  to recycle  the  nutrient  contained  in  the leaves  and canes  which  amounted

−1
to  49.4  kg N ha . Phosphorus,  calcium  and  magnesium  applications  might  not  justify  being  taken  into
account  in  the  annual  fertilization  plan.  Thus,  the  establishment  of  the  fertilization  programme  should
be  a  nutrient-specific  exercise  which  takes  into  account  all sources  of  information,  including  target  yield
and nutrient  content  in clusters,  the  vineyard  management  strategies  influencing  nutrient  use efficiency
from  fallen  leaves  and  prunings  and  soil  testing  and  plant  analysis.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Adequate nutrition is essential for the growth and yield of
rapevines as for any crop. Nitrogen is the major nutrient affect-
ng grapevine vigour and must quality (Brunetto et al., 2007; Akin
t al., 2012; Pérez-Álvarez et al., 2013). The addition of K can
ncreases grape yield, as the result of increased cluster number
nd weight (Amiri and Fallahi, 2007). A strong correlation between

 grapevine nutritional status and must attributes has also been
bserved. Excess K levels in grape berries can result in a high juice
H, with a detrimental impact on wine quality (Mpelasoka et al.,

003; Fogaç a et al., 2007; Assimakopoulou and Tsougrianis, 2012;
uéllar et al., 2013).

∗ Corresponding author. Tel.: +351 273303255; fax: +351 273425675.
E-mail address: marrobas@ipb.pt (M.  Arrobas).

ttp://dx.doi.org/10.1016/j.scienta.2014.04.016
304-4238/© 2014 Elsevier B.V. All rights reserved.
In vines, as in other crops, any excess of fertilizer use must be
avoided. The price of fertilizers has increased, particularly those
containing N and P. The price of N has been directly influenced by
the increase the price of crude oil, and the price of P has reflected
the price instability associated the finite supply of phosphate rocks
from which P fertilizers are obtained (Smil, 2001; Gilbert, 2009).
It should also be stressed the environmental impact potentially
associated to the excessive use of fertilisers, particularly of those
containing N (Powlson, 1993).

Soil analysis has been routinely used to assess soil conditions
for plant growth and the need for supplemental fertilizers (Havlin
et al., 2005). Chemical soil analysis indicates the potential avail-
ability of some nutrients that roots may  take up under conditions
favourable for plant growth (Römheld, 2012). Soil analysis can also

be informative concerning possible toxicities of salt and boron. Soil
pH can also be useful in predicting mineral nutritional problems.
In spite of the importance of soil analysis in the fertilizer recom-
mendation programmes for annual crops, it has lost favour over the

dx.doi.org/10.1016/j.scienta.2014.04.016
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scienta.2014.04.016&domain=pdf
mailto:marrobas@ipb.pt
dx.doi.org/10.1016/j.scienta.2014.04.016
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Table 1
Selected soil properties in September 2012 in the 0–20 cm soil layer.

Soil properties

Sand (%) 62.7
Silt (%) 19.5
Clay (%) 17.8
Organic C (Walkley–Black) (g kg−1) 1.4
pH (Soil:water, 1:2.5) 6.7
Exchangeable basesa

K (Cmolc kg−1) 1.16
Na (Cmolc kg−1) 0.15
Ca  (Cmolc kg−1) 7.51
Mg (Cmolc kg−1) 4.79

Exchangeable acidity (Cmolc kg−1) 0.23
Cation exchange capacity (Cmolc kg−1) 13.85
Extractable P (mg  kg−1)b 66
Extractable K (mg  kg−1)b 196
Extractable B (mg  kg−1)c 1.1

y
b
r
n

n
m
h
f
i
2
b
d
i
g
m
e
2
A
s
(
l
t
o
p
n
D
h
t
e
G
(
a
n

p
s
a
f
R
p
o
e
T
v
o

a Ammonium acetate, pH 7.
b Extracted by ammonium lactate plus acetic acid, buffered at pH 3.7.
c Boiling water and azomethine-H procedures.

ears for perennial deep-rooted crops, such as fruit trees and vines,
ecause of the difficulty in defining with sufficient accuracy the
oot zones from which deep-rooting plants take up most of their
utrients (Winkler et al., 1974; Römheld, 2012).

Plant analysis is often the most reliable method of assessing crop
utritional status, currently being the basis of the fertilizer recom-
endation programmes for tree crops and vines. Several studies

ave been done in order to establish the most appropriate tissue
or analysis. Leaf blade and petiole have been the major compet-
ng ones (Brunetto et al., 2007; Assimakopoulov and Tsougrianis,
012; Benito et al., 2013). Although the preference for petioles has
een increasing, leaf blade analysis continues to be used. Several
ifferent sampling dates have also been used. The sampling date

s of major importance, since tissue nutrient concentrations vary
reatly during the growing season (Römheld, 2012). In vines, the
ost popular sampling dates are flowering and veraison (Winkler

t al., 1974; Porro et al., 1995; Mullins et al., 2007; Benito et al.,
013). Other researchers consider the issue even more complex.
ccording to Porro et al. (1995), the choice of the sampling time
hould be made according to the diagnostic purpose. Benito et al.
2013) proposed the use of different tissues and different samp-
ing dates depending on the nutrient to be analyzed. In spite of
he effort that has been made in the standardization of the process
f sampling, studies have shown that nutrient concentrations in
lant tissues frequently fall outside the ranges currently considered
ormal or adequate in published standards (Winkler et al., 1974;
avenport et al., 2012). The great variability in plant analysis results
as led to the establishment of standards for local growing condi-
ions (Porro et al., 2001; Davenport et al., 2012; García-Escudero
t al., 2013), important commercial cultivars (Fallahi et al., 2005;
arcía-Escudero et al., 2013), or even rootstock-scion combinations

Lehoczky and Kocsis, 1998). However, the major limitation of plant
nalysis technology is its inability to provide quantified rates of
utrients to be applied.

The results of plant analysis are usually interpreted by com-
aring actual data with previous established critical values or
ufficiency ranges (Mills and Jones, 1996). In order to improve the
ccuracy of the diagnosis of the nutritional status of crops, other
orms of interpretation have been developed. DRIS (Diagnosis and
ecommendation Integrated System) has probably been the most
opular. DRIS uses ratios of nutrients, which reduces the sensitivity
f tissue analysis to plant age (Römheld, 2012). Martín et al. (2013)

stablished preliminary DRIS norms for leaf blade and petioles of
empranillo cultivar grafted on Richter-110, at both flowering and
eraison, in La Rioga, Spain. In spite of DRIS having been devel-
ped by Beaufils in 1973, and norms for several crops having been
lturae 172 (2014) 191–198

established (Summer, 1997; Beverly et al., 1984; Goh and
Malakouti, 1992) most laboratories have not yet adopted it. The
major problem is the regional sensitivity of the norms (Mackay
et al., 1987). The output is also not easy to manage. DRIS orders
the element nutrients according to their degree of deficiency, but
it does not provide information on the fertilizer rates to apply.

In summary, there has been abundant work using plant analysis
as a means of monitoring plant nutritional status. However, the
effort in the quantification of the rates of nutrients to apply to the
crops has been markedly less. The approach here developed tries to
define the magnitude of fertilizer rates to apply, by estimating the
nutrients removed in clusters at harvest and taking into account
the capability of the system to recycle the nutrients contained in
the fallen leaves and prunings.

2. Materials and methods

2.1. Experimental site

The experiment took place in the Sta Apolónia farm in Braganç a
(41.797288–6.766033) North-eastern Portugal. The region bene-
fits from a Mediterranean climate with some Atlantic influence.
Mean annual temperature and annual precipitation are 12.3 ◦C and
7583 mm,  respectively. The vineyard is planted in a eutric Cambisol
loamy textured. Selected soil properties recorded at the beginning
of the experiment are presented in Table 1.

The grapevines used in this study were randomly selected from
a non-irrigated vineyard of cv. Viosinho Blanc grafted on Richter-
110. The cv. Viosinho had medium vigour, the clusters and berries
are small and the pellicule is yellowish green. It is grown in Douro
Valley in Port wine production and in other regions to produce table
wine. The vineyard plantation dates from 1997. The vines were
spaced at 2.5 m between rows and 1.4 m within rows (∼2860 vines
per hectare). The vineyard has been pruned as Guyot double, with
an average crop load of 24 buds per vine. The shoots were supported
by three horizontal wires placed at 60, 90 and 120 cm height from
the soil. The farmer managed the winter weeds by an application of
a glyphosate based herbicide by March. The weeds emerging in the
spring have usually been controlled by May  using a cultivator. The
fertilization made by the farmer usually includes the application of
a compound NPK fertilizer at an approximate rate of 20 kg (N, P2O5,
and K2O) ha−1 localized in a narrow strip of 1 m wide along the row.
To control fungus diseases, namely powdery mildew (Erisiphe neca-
tor) and/or downy mildew (Plasmopara viticola), the farmer sprayed
fungicides, differing in the active ingredient and in the number of
applications from one year to another, according to the regional
advisory system for vine protection.

2.2. Experimental set up and laboratory analysis

At veraison, three samples of leaf petioles were taken from the
leaves opposite to the clusters in the plot where the study will take
place to assess the vine nutritional status at the standardized date
of sampling. At that time, twelve grapevines of similar vigour were
marked for further experimental use. The pre-selected vines were
thereafter cut at the ground level in groups of three distributed
over four different dates from harvest until the leaves have com-
pletely fallen (September 14th, October 16th, November 2nd, and
November 28th).

On all of the four sampling dates, the perennial structure of the
vines was divided into trunk and cordons. Samples of sawdust were

recorded from the entire section of trunk and cordons, after remov-
ing the dead bark, by using a handsaw. The sawdust was  thereafter
dried at 70 ◦C to be analyzed for elemental composition. Also from
the trunk and the cordons, samples of the phloem vessels were
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Table 2
Nutrient concentration in leaf petioles (mean ± SD) taken from the opposite leaves
to  the clusters at veraison.

Macronutrients (g kg−1) Micronutrients (mg  kg−1)

Nitrogen 7.9 ± 0.9 Boron 19.3 ± 1.1
Phosphorus 4.0 ± 0.4 Iron 69.4 ± 7.5
Potassium 10.9 ± 0.6 Manganese 45.7 ± 6.1
Calcium 25.7 ± 2.8 Copper 30.6 ± 4.3

T
T

M. Arrobas et al. / Scientia H

btained. The dead bark was firstly removed and thereafter thin-
er blades of less than 1 mm of phloem tissue were separated from
he woody material (xylem) with a sharp knife. The samples of
hloem vessels were also oven-dried at 70 ◦C and ground. Addi-
ionally, intact portions of trunk and cordons were oven-dried at
onstant weight allowing estimating the dry matter percentage in
hose plant parts.

On the two first sampling dates the canes were divided into
hree parts (basal, middle and top) and the leaves were separated
rom the wood. Thereafter, leaves and wood of the three parts were
eighed fresh. A subsample of each part was also weighed fresh

eing thereafter oven-dried at 70 ◦C to determine the dry mat-
er content of the plant tissues. The subsamples were thereafter
round. On the third and fourth sampling dates only the canes were
repared according as above. Few leaves were present on the vines
t the third sampling date and none at all at the fourth sampling
ate.

The clusters were weighed on the first date of sampling. The
lusters of each individual vine were cut and weighed fresh. The
achis was separated from the berries and the seeds removed from
he berries. All these three components of the clusters (rachis,
eeds, pulp plus pellicule) were weighed fresh. Rachis and seeds
ere oven-dried at 70 ◦C, weighed dry and ground and analyzed

or elemental concentration. The pulp (plus pellicule) was  analyzed
or fresh. The remaining material was thereafter dried at the same
emperature to allow estimation of its dry matter content.

On October 16th, three samples of 50 chlorotic and green leaves
blade + petiole) were collected from vines surrounding those that
ere marked to be uprooted. The chlorotic and the green leaves
ere collected from a similar position in the canopy from the basal
art of the canes.

All the tissue samples above mentioned were analyzed for car-
on, nitrogen, phosphorus, potassium, calcium, magnesium, boron,
opper, zinc, iron and manganese concentrations. Tissue analyses
ere performed by Walkley–Black (C), Kjeldahl (N), colorimetry

B and P), flame emission spectrometry (K) and atomic absorption
pectrophotometry (Ca, Mg,  Cu, Zn, Fe and Mn)  methods (Walinga
t al., 1989).

.3. Statistical analysis

For each sampling date three vines (three replicates) were
prooted. Three replicates were also taken when leaf petioles were

ollected at veraison to assess the initial vine nutritional status and
hen chlorotic and green leaves were sampled on October 16th.

he standard deviation was the statistic used to show how much
ariation from the average exists.

able 3
issue nutrient concentrations (mean ± SD) in the different plant parts of a grapevine sam

C N P 

(g kg−1)

Plant part
Trunk 562.8 ± 8.3 2.7 ± 0.2 0.5 ± 0.1 

Cordons 563.0 ± 4.8 3.6 ± 0.5 0.6 ± 0.2 

Cane
Basal  569.8 ± 3.1 3.3 ± 0.2 0.7 ± 0.0 

Middle  567.5 ± 1.9 3.3 ± 0.2 0.7 ± 0.0 

Top  560.7 ± 4.7 4.0 ± 0.4 0.8 ± 0.2 

Leaves
Basal  501.6 ± 3.4 16.9 ± 1.0 2.0 ± 0.3 

Middle  513.3 ± 3.2 18.3 ± 0.7 1.7 ± 0.3 

Top  519.0 ± 7.3 19.6 ± 0.9 1.6 ± 0.2 

Grape
Pulp  543.7 ± 9.9 4.5 ± 0.3 0.8 ± 0.0 

Seed  571.7 ± 2.4 14.8 ± 0.4 1.9 ± 0.4 

Rachis  521.4 ± 8.4 9.1 ± 1.4 1.8 ± 0.5 
Magnesium 8.7 ± 0.6 Zinc 32.8 ± 5.1

3. Results

Calcium was the most concentrated nutrient in leaf petioles
taken at veraison (25.7 g kg−1). Phosphorus was the macronutri-
ent least abundant in leaf petioles with an average concentration
of 4.0 g kg−1 (Table 2).

At harvest the leaves are the most concentrated tissues of the
vine in N, particularly the younger leaves of the top of the canes.
Leaf N concentrations were 16.9, 18.3 and 19.6 g kg−1, respec-
tively in basal, middle and top leaves of the canes (Table 3). A
moderately high N concentration was  also present in the seeds
(14.8 g kg−1). The woody parts (trunk, cordons and canes), had N
concentrations lower than 4 g kg−1. Pulp also showed low N con-
centrations (4.5 g kg−1) in comparison to the other tissues of the
vine. Phosphorus appeared in high concentrations in the leaves,
in particular in those of the basal part of the canes (2.0 g kg−1).
Seeds (1.9 g kg−1) and rachis (1.8 g kg−1) are also tissues show-
ing a high concentration of P. Rachis showed a particularly high K
concentration (28.6 g kg−1). In the pulp, K concentration is moder-
ately high (8.3 g kg−1), whereas in the seeds it was  particularly low
(2.4 g kg−1). Leaves showed K concentrations varying from 7.6 to
10.2 g kg−1. In the woody parts, K concentration decreased from the
least to the greater lignified tissues, varying from 7.3 to 3.0 g kg−1,
respectively in the apex of the cane and in the trunk. Calcium
and magnesium concentrations in vine tissues followed a similar
trend. Calcium was  present in a high concentration in the leaves, in
particular in those at the base of the cane (30.8 g kg−1). Grape clus-
ters had low Ca concentrations, particularly the pulp (1.8 g kg−1).
Calcium concentrations in the woody parts varied from 5.0 to
7.3 g kg−1. Magnesium concentration in basal leaves was 6.4 g kg−1

and in the pulp 0.6 g kg−1. Boron appeared in high concentrations in
the leaves, in particular in the younger ones (19.5 mg kg−1). How-
ever, B concentrations in the canes were also appreciable, varying

from 16.6 to 19.1 mg  kg−1. In grape clusters, B concentration did
not significantly vary among the different tissues, with 10.2, 11.7
and 12.3 mg  kg−1, respectively in pulp, seeds and rachis. The trunk

pled at harvest on September 14th.

K Ca Mg B (mg  kg−1)

3.0 ± 0.4 6.2 ± 1.7 1.6 ± 0.1 5.6 ± 2.0
3.3 ± 0.1 7.3 ± 1.7 1.9 ± 0.3 8.4 ± 0.2

4.1 ± 0.7 5.0 ± 0.7 1.7 ± 0.2 16.8 ± 1.2
4.7 ± 2.0 5.9 ± 0.7 2.2 ± 0.4 16.6 ± 0.2
7.3 ± 1.5 6.5 ± 0.8 2.9 ± 1.0 19.1 ± 1.2

7.6 ± 0.7 30.8 ± 2.0 6.4 ± 2.4 17.7 ± 2.2
9.0 ± 1.0 22.9 ± 2.3 4.7 ± 1.6 18.7 ± 2.3

10.2 ± 2.4 23.6 ± 2.5 5.0 ± 1.4 19.5 ± 2.5

8.3 ± 0.8 1.8 ± 0.2 0.6 ± 0.1 10.2 ± 6.2
2.4 ± 0.3 5.5 ± 0.5 1.4 ± 0.1 11.7 ± 0.8

28.6 ± 5.5 5.9 ± 0.5 1.4 ± 0.4 12.3 ± 1.8
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Table 4
Dry matter (DM) and tissue nutrient content (mean ± SD) of the different plant parts of a vine sampled at harvest time on September 14th.

Plant part DM (Mg  ha−1) N P K Ca Mg B (g ha−1)

(kg ha−1)

Trunks 5.1 ± 0.8 14.3 ± 3.6 2.8 ± 0.9 15.5 ± 2.8 33.4 ± 13.1 8.4 ± 0.9 30.5 ± 13.3
Canes  2.3 ± 0.7 7.7 ± 2.2 1.6 ± 0.5 10.8 ± 0.7 12.9 ± 4.6 4.8 ± 0.8 38.6 ± 11.2
Leaves  2.2 ± 0.4 41.7 ± 8.6 3.8 ± 1.2 20.3 ± 1.2 55.9 ± 15.7 11.4 ± 2.9 41.7 ± 4.7
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Clusters 3.5 ± 0.6 19.9 ± 3.7 3.2 ± 0.8 

Total  13.0 ± 2.4 83.5 ± 18.0 11.4 ± 3.3 

howed the lowest B concentration (5.6 mg  kg−1) amongst all the
issues of the vine.

The aboveground part of the vines accounted for 13.1 Mg  ha−1

ry matter (DM) at harvest (Table 4). The woody parts,
runk/cordons and canes, accounted for 7.4 Mg  ha−1, the leaves for
.2 Mg ha−1 and clusters for 3.5 Mg  ha−1. The fresh weight of clus-
ers was 14 292 kg ha−1. The total amounts of N, P, K, Ca, Mg  and B
hat were found in the aboveground part of the vines were, respec-
ively, 83.6, 11.4, 75.3, 100.4, 27.1 kg ha−1 and 146.9 g ha−1. Half of

 in the plant was present in the leaves (41.7 kg ha−1). The clusters
lso contained a significant amount of N (19.9 kg ha−1), whereas
he woody parts contained only 14.3 kg ha−1 (trunk and cordons)
nd 7.7 kg ha−1 (canes). Phosphorus appeared more evenly dis-
ributed in all tissues than N, although leaves (3.8 kg ha−1) and
lusters (3.2 kg ha−1) contained the highest amounts. Potassium
as present in significant amounts in all the aboveground parts

f the vine. The clusters, however, contained the major portion
28.7 kg K ha−1) followed by the leaves (20.3 kg K ha−1). Calcium
as the nutrient most abundant in the aboveground part of the

ine. The leaves accounted for more than 50% of the nutrient.
he clusters were a modest pool of Ca (8.2 kg ha−1), whereas the
oody plant parts contained relatively high amounts of the nutri-

nt (46.3 kg ha−1). The distribution of Mg  in the vines was  similar to
−1
hat of calcium. In a total of 27.1 kg Mg  ha , the leaves accounted

or 11.4 kg ha−1, the trunk/cordons plus canes for 13.2 kg ha−1

nd the clusters for 2.5 kg ha−1. Boron also appeared evenly dis-
ributed between the aboveground parts of the vine. Leaves, canes,
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Fig. 1. Leaf nutrient concentrations in the three groups of trees (basal,
28.7 ± 2.1 8.2 ± 1.2 2.5 ± 0.4 36.1 ± 17.7
75.3 ± 4.1 100.4 ± 33.5 27.0 ± 4.3 146.8 ± 29.2

clusters and trunk/cordons contained respectively 41.7, 36.1, 38.6
and 30.5 g ha−1.

In only two  of the four sampling dates (September 14th and
October 16th), vines still had leaves. Leaf N concentration greatly
decreased in the month, between the two  sampling dates. The pat-
tern was  similar among the leaves of the different locations of
the cane. In the middle part of the cane, for instance, leaf N con-
centration decreased from 18.3 g kg−1 to 13.3 g kg−1 (Fig. 1). Leaf
P concentrations varied over time in a similar manner as N. In
the middle part of the cane, leaf P concentration decreased from
1.7 g kg−1 to 1.2 g kg−1 between September 14th and October 16th.
Leaf K concentration varied little from September 14th to October
16th. Mean values were very close to 10 g kg−1. Leaf Ca concentra-
tions greatly differed among the different parts of the cane in the
sampling of September 14th. The higher values were found in the
basal leaves (30.8 g kg−1). On October 16th, all the three groups of
leaves presented similar Ca concentrations, ranging from 24.2 to
26.2 g kg−1. Leaf Mg  concentration presented a similar variation to
that observed to Ca. In September the values ranged from 4.7 to
6.4 g kg−1 and in October from 4.8 to 5.7 g kg−1. Leaf B concentra-
tion decreased from September to October in all groups of leaves,
as was  observed for N and P. The values in September ranged from
17.7 to 19.5 g kg−1 and in October from 17.1 to 17.6 g kg−1.
Chlorotic leaves showed a consistent decrease in N concen-
tration in comparison to green leaves collected from the same
vines. Nitrogen concentration in green leaves was 11.9 g kg−1 and
in chlorotic leaves 6.2 g kg−1 (Table 5). Chlorotic leaves also showed
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Table  5
Nutrient concentrations in chlorotic and green leaves (mean ± SD) collected from adjacent vines to that were cut and in similar position in the canopy on the sampling date
of  October 16th.

Leaves N P K Ca Mg  B (mg  kg−1)

(g kg−1)

 0.9 
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Green 11.9 ± 1.3 1.5 ± 0.2 10.3 ±
Chlorotic 6.2 ± 0.4 1.4 ± 0.4 6.9 ±

ow K concentrations compared with green leaves. Regarding leaf P
oncentrations, there was found to be a slight decrease as the leaves
ere getting chlorotic; for Ca, Mg  and B a slight increase was found.
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which included tissue from the entire trunk excluding the dead
bark.

4. Discussion

In grapevines, it has been usual to find tissue nutrient concen-
trations outside the published standard ranges even in vineyards
with apparent normal growth. However, the petiole nutrient con-
centrations at veraison here reported were not greatly dissimilar
to those found in the literature (Mills and Jones, 1996; Fallahi et al.,
2005; Davenport et al., 2012; García-Escudero et al., 2013), which
suggested that the nutritional status of the vineyard used in this
study is within the adequate range for the nutrients considered.

Leaves were the tissues of the highest N concentrations in the
vines. The same was  true for the other nutrients, K concentrations
in rachis being the only exception. Nitrogen forms part of several
cell constituents, such as proteins, nucleic acids and chlorophyll,
which justifies its relative abundance in the leaves (Hawkesford
et al., 2012). In this work, nutrient concentration was determined in
the whole leaf (blade + petiole) from sub-samples including all the
leaves of a cane section. As far as we  know, there are no published
data analyzing samples of whole vine leaves taken at harvest. Even
so, recorded leaf nutrient concentrations are of the same order of
magnitude as those found in the literature for blades of the leaves
opposite to the cluster and taken at veraison (Davenport et al.,

2012; García-Escudero et al., 2013). Previous studies have shown
that grapes are the major sink for K after berry growth commences
(Mpelasoka et al., 2003; Poni et al., 2003; Mullins et al., 2007). How-
ever, clusters contained the highest (rachis) and the lowest (seeds)
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ig. 3. Nutrient concentrations in the sawdust of trunk and cordons (wood) and 

ampling dates from ripening, September 14th to late November 28th.

 concentrated tissues of the vine. The pulp presented a moderately
igh K concentration. The most plausible explanation for the high

 concentration in the rachis is the role of the nutrient in the trans-
ortation of photosynthates from leaf to berry (Mpelasoka et al.,
003; Fogaç a et al., 2007; Hawkesford et al., 2012). Nutrient con-
entrations in woody plant parts generally increased from trunk
o cordons and canes, which mean that the older tissues are less
oncentrated in essential nutrients than the younger ones.

The clusters contained 19.9 kg N ha−1, representing 1.4 kg N per
onne of fresh fruit. On average, N removed per tonne of fruit
as of similar magnitude to the values reported by Mullins et al.

2007). However, these are very low values (∼10%) if compared
o amounts of N usually removed by annual crops, such as maize
nd potato, which can amount to more than 200 kg N ha−1 (Kirda
t al., 2005; Badr et al., 2012). The amounts of the other nutrients
emoved in grape were 3.2, 28.7, 8.2 and 2.5 kg ha−1 and 36.1 g ha−1,
espectively for P, K, Ca, Mg  and B. The nutrients removed in the
rape are an integral loss to the soil–plant system. About 50% of N
41.7 kg ha−1) in the aboveground part of the vine was  in the leaves
t harvest time. Nitrogen in the leaves can be remobilized to the
erennial parts and reused in the next season (White, 2012). Nitro-
en can also be lost through volatilization directly from canopy
o the atmosphere, in particular at the end of the growing sea-
on (Wetselaar and Farquhar, 1980; Eichert and Fernández, 2012).
itrogen still present in the fallen leaves can suffer mineraliza-

ion in the soil and be taken up by the roots or lost through NH3
olatilization, leaching or denitrification. Nitrogen present in canes
7.7 kg ha−1) can follow the same routes if prunings are left on the
round. If prunings are removed their N is lost from the soil–plant
ystem. Potassium plays a significant role in plant metabolism but
t does not integrate organic structures (Hawkesford et al., 2012).
otassium present in leaves (20.3 kg ha−1) can be remobilized to

he perennial structure during senescence, due to its high mobility
Mpelasoka et al., 2003; Hawkesford et al., 2012). Other portion can
e leached directly from the living leaves (Eichert and Fernández,
012) or released to the soil during the mineralization of dead
 outer layer of the trunk, mainly composed by phloem vessels (phloem), for four

leaves. Potassium in the canes can also return or not to the soil
depending on the destination of the prunings. Phosphorus, calcium,
magnesium and boron present in the leaves and canes amounted
to 5.4, 68.8 and 16.2 kg ha−1 and 80.3 g ha−1. These nutrients will
return to the soil solution in the course of the mineralization of crop
residues.

To follow the dynamic of the nutrients in the grapevine, tis-
sues from different plant parts, collected at different time after
grape harvest, were analyzed. The time of sampling was shown
to affect leaf concentrations of all mineral elements. Nitrogen con-
centration in vine leaves usually decreases as the growing season
progress (Porro et al., 1995; Peuke, 2009), likely due to dilution
effects or remobilization to fruits and seeds. After harvest, plant
growth is reduced or nil, and remobilizations to fruits ends. The
decrease in leaf N concentration observed from September 14th to
October 16th may  be attributed to N remobilization to the peren-
nial structures or to gaseous N losses to the atmosphere. The lower
N concentration found in chlorotic leaves in comparison to green
leaves, would be the result of the same phenomena. The increase
in N concentration in canes and trunk and cordons observed from
September 14th to November 2nd supports the thesis that at least
part of the N present in leaves was  remobilized to perennial struc-
tures. It is well-known that remobilization of nutrients from the
leaves to woody parts is a typical feature of perennial species
before leaf drop (White, 2012). Trunk and cordons showed a sud-
den decrease in N concentration from November 2nd to November
28th, which may  mean that N remobilization continued to the
roots. Previous studies have shown that in grapevine, N reserves
are located predominantly in the roots and are comprised of amino
acids (mostly arginine) and proteins (Zapata et al., 2004) Phospho-
rus is a mobile element which can be readily translocated within
a plant (Mullis et al., 2007; White, 2012). In vine leaves, P usu-

ally decreases over the growing season (Benito et al., 2013). The
results of the temporal dynamic of P in leaves showed a decrease in
leaf P concentration from September 14th to October 16th and also
between green leaves and chlorotic leaves. The woody plant parts,
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anes and trunk, showed minimum P concentration in October
6th. These results seem to indicate possible remobilization of P
o roots occurred earlier in the autumn in comparison to the remo-
ilization of N.

Potassium is characterized by high mobility in plants at all levels,
ithin individual cells or in long-distance transport via the xylem

nd phloem (Mpelasoka et al., 2003; White, 2012). Potassium con-
entration in the leaves did not change greatly between September
4th and October 26th. However, chlorotic leaves showed signif-

cantly lower K levels than green ones. Potassium concentration
n canes and trunk increased from September 14th to October 16th
nd decreased from November 2nd to November 28th. In the trunk,

 concentration increased from September 14th to November 2nd
nd deceased thereafter. This sequence of records seems to indi-
ate a later remobilization of K from leaves to the woody parts in
omparison to N. A concurrent or complementary explanation for
he low K concentration found in chorotic leaves is leaching from
he canopy.

There was no great evidence that significant remobilization of
a and Mg  had occurred from the leaves to the woody plant parts.
hlorotic leaves had higher Ca and Mg  concentrations than green
nes. In the woody parts, the dynamic of Ca and Mg  concentrations
as also not relevant. The results likely reflect the low mobility in

he phloem of both nutrients (White, 2012).
The reduction in leaf B concentration occurring from September

4th to October 16th was not confirmed by a reduction in B con-
entration in chlorotic leaves in comparison to green leaves. The
nalysis of the B in the woody parts showed an increase in B
oncentration from September 14th to November 28th. The mobil-
ty of B in plant tissues is generally considered as intermediate
White, 2012). However, it seems that B mobility greatly depends
n plant species and cultivars (Brown and Shelp, 1997). Peuke
2009) reported changes in boron leaves similar to that observed to

 during the growing season. Our results seem to confirm B mobil-
ty in grapevine in spite of a lack of B concentration measured in
hlorotic leaves.

In a tentative estimation of the nutrient balance in a vine-
ard, nutrient removal from the system and nutrient recycling
ithin the system should be taken into account. The vineyard

ost 1.4 kg N ha−1 per tonne of fresh fruit, representing a total of
20 kg N ha−1 for this study. Starting from ∼42 kg N ha−1 in the

eaves at harvest, approximately 50% disappeared during senes-
ence, which may  mean that it was remobilized to the perennial
tructures and/or lost through volatilization from the canopy. The
ther half part (∼21 kg N ha−1) was present in the fallen leaves. The
ate of this N is very difficult to predict: it can be lost by ammo-
ia volatilization if the leaves undergo mineralization at the soil
urface and soil pH is high or, once in the soil, it can be lost by
eaching or denitrification. The ground management of the vine-
ard may  also be of great importance. Cover crops, for instance,
an compete with the grapevine for the inorganic N in the soil
Celette et al., 2009; Celette and Gary, 2013) reducing the effi-
iency of N recycling. Nitrogen in the canes (∼8 kg N ha−1) may
ave a similar destination to that referred to for leaves that min-
ralize in the soil or are lost if the prunings are removed from the
ineyard.

The vineyard lost 28.7 kg K ha−1 in the clusters. This amount rep-
esents ∼2.0 kg K ha−1 yr−1 per tonne of fresh fruit. If prunings are
emoved, the vineyard may  lose another ∼11 kg K ha−1. Potassium
ontained in the leaves will return to the soil, whether it is leached
ut from senescing leaves or released during the mineralization
rocess in soil. Potassium does not undergo gaseous losses and the

isk of K leaching from the soil is much less than that of N. Thus,
he component of recycling is easier to establish for K than for N. To
stablish an accurate K fertilization programme, it is also necessary
o know the K availability in the soil and the K nutritional status of
lturae 172 (2014) 191–198 197

the vineyard, since any excess in K application should be avoided
due to the negative impact in wine quality.

The amounts of P, Ca and Mg  removed from the system in clus-
ters are small, and the nutrients contained in the leaves can be
recycled in the soil. The recommendation system should involve
monitoring soil fertility and plant nutritional status of vines in order
to decide if any abnormal situation should be corrected. A regular
addition of P, Ca and Mg  should not be needed.

The amount of B involved in plant metabolism is very small.
However, there is a long experience of observing symptoms of B
deficiency in perennial crops, such as vine, almond and olive, in this
region and in several other parts of the world. The recommendation
system should consist of monitoring vine B nutritional status. Since
B is a mobile element in the soil, the application should be annual
after it is proved that the soil does not supply enough B for vine
metabolism.

5. Conclusions

The establishment of a suitable fertilization programme for
vineyards must consider different strategies for each individual
nutrient. In the case of N, it is of particular importance to take into
account the amount of nutrient removed in the fruit as is currently
done by most soil testing and plant analysis laboratories. This study
showed that is also important to take into account the probable loss
of N contained in leaves and canes at harvest, which may represent
a loss greater than that from fruits, depending on how N is recycled
within the agrosystem. For K, it is not only important to consider
the amount of nutrient removed in fruit, but also the amount of
K naturally available in the soil, since soils can supply consider-
able amounts of K. Potassium in leaves is entirely recycled since
the nutrient does not integrate in organic structures, which facili-
tates its leaching from leaves to the soil, and also because it does
not form volatile compounds. Phosphorus, calcium and magnesium
may  not justify yearly applications, but probably only corrections
in specific situations, relating to pH or low P availability in the soil,
since nutrient removals are small. The amount of B involved in plant
metabolism, and removed in fruits, is very small. However, B should
be applied regularly, since it is a mobile element in the soil, but only
after it has been diagnosed by plant analysis that the soil does not
supply enough of this element for plant metabolism.

Thus, to establish an accurate fertilization programme, the
decision-making process should have information on target yield
and vineyard management strategies influencing the efficiency of
use of nutrients present in leaves and canes. Data from soil testing
and plant analysis continues to be of paramount importance. By
integrating all sources of data it will be possible to prescribe fertil-
izer rates to ensure an adequate nutritional status of vines, without
potentially detrimental effects on wine quality or environmental
damage. In practice, for a rational use of fertilizers, nutrient-specific
fertilization plans are needed.
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