Reduction of Bunch Stem Necrosis of
Cabernet Sauvignon by Increased
Tissue Nitrogen Concentration
ERIC R. CAPPS' and TONY K. WOLF?*

Fieid experiments were conducted over three years at two vineyards in northern Virginia to examine relation-
ships between specific nutrients and the incidence of bunch stem necrosis (BSN) of Cabernet Sauvignon.
Nitrogen, magnesium, and calcium were applied alone or in combination. Only one of the vineyards (Winches-
ter) showed appreciable BSN incidence during the study period. During the 1996 season at Winchester
vineyard, bloom-time leaf petiole and veraison rachis nitrogen concentration of unfertilized (control) vines were
0.80% and 1.16%, respectively. The corresponding control BSN incidence was 41% at harvest time. Season-
ally split application of nitrogen fertilizer at 112 kg/ha actual nitrogen increased bloom-time leaf petiole and
veraison cluster stem nitrogen concentration to 1.85% and 1.82%, respectively, in the nitrogen plots. The
corresponding BSN incidence was reduced to 14% at harvest time. BSN symptoms were not as pronounced
during the 1997 season; however, all treatments, including the control plots had elevated tissue nitrogen levels
in 1997. Application of nitrogen fertilizer in 1998 was associated with bloom-time leaf petiole and veraison
rachis nitrogen concentrations of 1.18% and 1.34%, respectively. Corresponding BSN was reduced to 3% at
harvest time, versus 17% to 23% in treatments that did not receive nitrogen. Magnesium and calcium had
minimal (1997) or no impact on BSN incidence. Measures of canopy density, cane pruning weights, crop yield,
and fruit chemistry suggest that the ameliorating effects of nitrogen on BSN incidence were directly related to
increased tissue nitrogen concentration, and not an indirect effect of vigor stimulation or crop ripening rate. A
low incidence of BSN at the second vineyard precluded a definitive explanation of prior BSN expression at that
location. We conclude that low tissue [N] may be one cause of BSN, and that vineyards should be examined
individually for contributing factors.
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Late-season bunch stem necrosis (BSN) is a physi-
ological disorder of the bunch stem (rachis) of grape-
vines [7]. The terminology used with BSN is diverse
and descriptive of the observed effects on the entire
cluster. Hence, waterberry (California) [ 3,101, shanking
(New Zealand) [24], stiellihme (Germany) [34],
desséchement de la rafle (France) [36], palo negro
(Chile) [28], disseccamento del rachide (Italy) [14], and
rachis necrosis (Canada) [11] are synonymously used in
the literature.

Bunch stem necrosis may develop at or around
anthesis, or later, at or after veraison. The former
condition is referred to as early bunch stem necrosis
[EBSN] [22], or inflorescence necrosis [16] [but see 23].
While EBSN and post-veraison BSN may have similar
etiologies, they are temporally distinct. In our experi-
ence, occurrence of the latter is not usually preceded by
the occurrence of EBSN. The research described in this
paper involved the late-season, or post-veraison ex-
pression of bunch stem necrosis which, for brevity, will
be called BSN.

Initial BSN symptoms appear as 1- to 3-mm dark-
ened lesions on the rachis and/or pedicels of grape
clusters [10,34]. Lesions can expand to girdle the ra-
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chis, which leads to desiceation of the rachis distal to
the lesion. Affected portions of clusters either abscise or
remain on the cluster in a dry condition. Cluster shoul-
ders and/or tips are frequently symptomatic, while the
remainder of the cluster normally develops. BSN-af-
fected berries are initially soft and dull in appearance
before withering. BSN-affected fruit has elevated tar-
taric and titratable acidity, while soluble solids concen-
tration, pH, total phenols and potassium are de-
pressed, relative to healthy fruit [27,36].

Climate, edaphic factors, vine nutrient status, cul-
tivar, rootstock, method of dormant pruning and crop
load have all been associated with BSN symptoms,
making it difficult to ascribe a central cause [8]. Etiol-
ogy has been further confounded by the annual vari-
ability of BSN expression within a particular vineyard
[20]. No pathogen has been linked to the disorder and
research has focused on environmental, hormonal, and
nutritional imbalances as potential causes. Environ-
mental parameters that have been positively corre-
lated to BSN expression include:

¢ low mean maximum temperatures at bloom [35]

e low temperatures during the 20 days preceding
bloom, but not during bloom itself [20]

¢ high humidity (80%) during the flowering to har-
vest period [24]

® excessive or irregular rainfall, especially after ve-
raison [5,29]
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Given the divergence of some of these reports, it is
likely that climatic conditions are simply correlative or
serve to mediate more fundamental causes.

An abundance of data, much derived from vineyard
fertilizer trials, indicates that some occurrences of BSN
result from nutrient imbalances, in particular a high
ratio of potassium (K) to magnesium (Mg) and/or cal-
cium (Ca) [5,6,12,34]. Application of Mg and occasion-
ally Ca fertilizers often reduced the incidence of BSN in
Europe [7,18,29]. In contrast, BSN was unaffected by
applications of Ca and Mg in California, but was in-
creased by applications of nitrogen (N) [10,17]. Total N
and ammonium (NH,*) levels were greater in BSN-
symptomatic rachis tissue compared to non-symptom-
atic rachis tissue [10]. Others have also observed the
occurrence of elevated NH,* levels in BSN-symptom-
atic tissues [28], but not consistently. Rather than be-
ing causal, elevated NH,* levels associated with BSN
were hypothesized to reflect tissue senescence or sec-
ondary ramifications of the disorder [26].

In addition to climatic and nutritional causes of
BSN, the role of hormonal imbalances [21] and accu-
mulation of stress metabolites [28] have also been ex-
plored.

Bunch stem necrosis occurs with some regularity in
mid-Atlantic US vineyards {8,37]. In Virginia, BSN
commonly affects Cabernet Sauvignon, but many culti-
vars show the disorder in some years (our unpublished
data). Visual and plant mineral analysis surveys were
conducted for several seasons in six Cabernet Sauvi-
gnon vineyards that had histories of BSN expression.
Results were ambiguous; however, data from two vine-
yards suggested a correlation between BSN and a defi-
cit of tissue N. One case was particularly intriguing in
that tissue N concentrations were contrarily associated
with heavy crop yields and cane pruning weights, both
conventional indicators of sufficient N [37]. In light of
those findings, and previous research on nutritional
aspects of BSN, we initiated experiments in 1996 to
determine if application of N, Ca, and Mg fertilizers
affected BSN incidence.

Materials and Methods

Vineyards: Cabernet Sauvignon (FPMS clone #7)
vines (7 years old in 1996), grafted to rootstock C-3309
and grown at the AHS Agricultural Research and Ex-
tension Center in Winchester, Virginia (39°17" N,
78°17° W), were used during the 1996 - 1999 seasons.
Vines at Winchester were spaced 2.1 m apart in 3.7-m
wide rows. Vines were cordon-trained to an open-lyre,
divided canopy system, and were spur-pruned with
shoots vertically positioned upright. The incidence of
BSN at Winchester averaged 14% in 1995. Cabernet
Sauvignon (unknown clone) vines (10 years old),
grafted to rootstock SO4 and grown at Leesburg, Vir-
ginia (39°10° N, 77°56" W), were used in a second
experiment during 1997 and 1998. Grapevines at
Leesburg were spaced 1.5 m apart in 3.7-m wide rows.
Vines at Leesburg were cordon-trained and spur-

pruned on a non-divided canopy system, with all shoots
vertically positioned upright. The incidence of BSN was
not recorded in 1995. The vineyards were selected for
study due to fairly consistent histories of BSN expres-
sion, and because plant tissue analysis results sug-
gested that both vineyards were somewhat low in tis-
sue (N). The soil at Winchester was a Frederick-
Poplimento loam, primarily limestone-derived with
some contribution from sandstone deposits. The effec-
tive rooting zone was greater than 100 cm deep, with
moderate to abundant (ca. 118 to 238 mm/m) available
water capacity. Soil pH was slightly acidic to neutral
(i.e., 6.0 to 7.0). Soil at Leesburg was a Braddock cobbly
loam, primarily granite-derived, but also well-drained
with depth to bedrock greater than 2 m.

A one to 1.5-meter weed-free strip was maintained
under the trellis by herbicide application at both vine-
yards. Row middles were perennial grass (Festuca
spp.), mowed as necessary. Pest management followed
regional recommendations and was effective.

Treatment and experimental design: Fertilizer
treatments were applied to two-vine plots at Leesburg
and three-vine plots at Winchester, each replicated five
times in completely randomized designs. Unfertilized
guard plots in the row and guard rows separated indi-
vidual treatment plots. The initial plot arrangements
remained unchanged over the course of both experi-
ments. Treatment vines at both vineyards were shoot-
thinned to 15 shoots per meter of cordon prior to bloom
each season. Shoot length was maintained at about 17
nodes/shoot by trimming, typically once or twice per
season. Four fertilizer treatments (2 X 2 factorial) were
applied at both vineyards in the following fashion
[treatment designation in brackets]:

(1) N, and Mg, + Ca No fertilizer application [Con-
trol].

(2) N,,, and Mg, + Ca;; Ammonium nitrate (NH,NO,);
treatment consisted of 112 kg/ha of actual N applied
to soil in a split application of 28 kg/ha at budburst,
56 kg/ha at bloom, and 28 kg/ha 30 days after bloom.
No magnesium or calcium was applied [N].

(3) N, and Mg,  + Ca,,: Magnesium sulfate (MgSO,) +
ca1c1um ChlZOI'lde (CaCl ); treatment consisted of 980
kg/ha of MgSO, apphed to soil in a split application
of 140 kg/ha at budburst and 140 kg/ha bloom. In
addition, seven foliar applications of CaCl, (13.4 kg/
ha CaCl, per application) were made every two
weeks, commencing when shoots were approxi-
mately five nodes long. No nitrogen was applied.
The CaCl, was not included at Winchester in 1996
[Mg + Cal.

(4) N, and Mg280 + Ca94: NH NO, + MgSO, + CaCl,
all applied, as above [N + Mg + é

Ammonium nitrate and MgSO, were shallowly in-
corporated into the soil under the trellis. A backpack
sprayer was used to apply the CaCl, to the entire vine
canopy to the point of runoff. Except as noted here and
in the tables, treatments were applied each year. Only
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treatments 1 and 2 were applied at Winchester in 1999,
although BSN was evaluated on all previously used
plots.

Soil analysis: Soil was sampled at depths of 0 to
20 cm and from 20 to 40 c¢m, prior to application of the
first fertilizer treatment. Three soil samples, 15 probes
per sample, at each depth were collected across in-
tended treatment plots at both vineyards. Subsequent
soil samples were collected by treatment (n = 1; 10 soil
probes per treatment) from both vineyards and at both
soil depths in July 1998. Finally, the top 20 cm of soil
was sampled at both vineyards by treatment plot (n =
5; for pH assessment in October of 1999. No lime was
applied to either vineyard during the course of study.

Tissue analysis: Plant tissue samples were col-
lected each year at bloom and veraison, except as noted
in tables. Samples consisted of 80 leaf petioles per
treatment plot. Leaves opposite flower clusters were
sampled at bloom, while mid-shoot leaves were
sampled at veraison. In addition, 20 rachises were col-
lected from each treatment plot at bloom and veraison
in the Winchester plots. Berries were removed and
discarded with the veraison sample. The veraison ra-
chis samples did not have visible BSN symptoms, even
if BSN was present on other clusters. Bloom-time leaf
petioles and veraison rachises were the only tissue
samples collected at Winchester in 1996. All tissues
were promptly dried at 90°C and processed by a com-
mercial tissue analysis laboratory.

Canopy descriptors: Point quadrat analyses [31]
were conducted on all treatment plots approximately
60 days after budburst to quantify canopy characteris-
tics. At this point the canopy had developed and shoots
had been hedged once. A thin metal rod was inserted
horizontally through the fruiting zone of the vine
canopy at equal intervals, 42 and 10 probes per treat-
ment plot at Winchester and Leesburg, respectively.
Probe contacts were recorded to describe leaf layers
and fruit exposure. Photosynthetic photon flux (PPF)
was measured within canopy fruit zones to further
describe canopy density. PPF was measured prior to
veraison with a 1.0-meter line quantum sensor (model
LI-191SB, LI-COR, Inc. Lincoln, NE 68504) with pho-
tometer (LI-COR model 185B). Light was measured
between 1100 and 1600 hours EDT on a clear day at
both vineyards during July, as described in Wolf and
Warren [38].

Bunch stem necrosis: Each treatment plot was
rated for BSN incidence every two weeks at both vine-
yards. The ratings started at veraison and continued
through harvest. Fifty clusters at Leesburg vineyard
and 100 clusters at Winchester vineyard, chosen at
random from each treatment plot, were visually rated
and percent BSN was calculated for each plot. Each
rating was done on a uniquely random selection of
clusters. Clusters were considered affected if they bore
at least five shriveled berries; however, BSN symptoms
typically involved 20 or more berries on a given cluster.

Components of yield and berry chemistry:
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Berry samples were collected at both vineyards from
every treatment plot at each BSN rating, including
harvest. Berry samples did not include visibly affected
berries. Berry sampling was done to ensure that treat-
ments were not simply delaying the onset of BSN. Fifty
berries were randomly sampled, and percent soluble
solids concentration, pH, and berry weight were deter-
mined after frozen storage. At harvest, fruit from each
vine was harvested and weighed. Other yield compo-
nents included clusters per vine and cluster weight.
Cane pruning-weights were collected after each grow-
ing season.

Statistical analysis: All dependent variables
were subjected to two-way analyses of variance using
type III ANOVA of the General Linear Model procedure
of the Statistical Analysis System (SAS Institute, Cary,
NC) to determine the significance of the main effects (N
and Mg + Ca) and their interaction. Data that consisted
of multiple measures within a treatment replicate,
such as crop yield and PPF data, were averaged by
treatment replicate prior to ANOVA. Percentage data,
such as BSN incidence, were arcsin-transformed for
ANOVA; however, non-transformed data are presented
for ease of interpretation.

Results

Winchester

Soil analysis: Soil samples collected in 1996, prior
to establishment of fertilizer treatments, indicated the
Winchester site to be moderately fertile with a pH of
6.4 at 0 to 20 cm and 6.7 at 20 to 40 cm [8]. Soil samples
collected in 1998 revealed soil [Mg] was increased from
43 ppm in control plots (0 to 20 cm depth) to an average
of 306 ppm in the Mg + Ca and N + Mg + Ca plots.
Calcium and other nutrients were not appreciably af-
fected by treatment, while soil [N] was not quantified.
Soil pH (0- to 20-cm depth) at the termination of the
experiment was (mean + S.D.; n =5): 6.2 £ 0.1 (control),
6.2+ 0.1 (N only), 6.3+ 0.1 Mg + Ca), and 6.1+ 0.1 (N
+ Mg + Ca).

Tissue elemental analysis: Nitrogen application,
whether alone or in combination with Mg and Ca, in-
creased tissue N concentration relative to concentra-
tions of vines that received no N. The increased tissue
N concentration was consistent and significant with
petioles collected at bloom (Table 1). Using petioles
collected at veraison, only the 1998 data showed a
significant N response. Interaction between N and Mg
+ Ca was noted with veraison-sampled petioles in 1997,
with petiole [N] apparently increased by both treat-
ments. Rachis tissue was also sensitive to applied N if
clusters were sampled at veraison, less so if collected at
bloom (Table 1). Although they received no applied N,
control, and Mg + Ca plots had elevated N levels in
1997, which was reflected in both petiole and rachis
tissue samples. Petiole [N] appeared to increase be-
tween bloom and veraison of 1999, at least in the con-
trol and Mg + Ca plots.

Fertilizer treatments were inconsistently associ-
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EIY]
ated with altered K, Mg, and Ca con-
centrations. As sampled at bloom, N
Tablt_e 1. Cabernet Sagyignon leaf petiole and rachis nitrogen composition as application increased petiole [K], but
influenced by fertilizer treatments at Winchester from 1996 to 1999. only in 1998 and 1999 (Table 2). Ni-
Nitrogen concentration (%) Nitrogen concentration (%) trogen appegred to have a positive
of leaf petioles of rachis effect on petiole Mg or Ca concentra-
tions, at least as indicated by verai-
Treatment 1996 1997 1998 1999 1996 1997 1998 son-sampled tissues. The significant
Samples collected at bioom time N effect on bloom petiole [Ca] in
Control 080 132 088 080 — 272 238 1996, however, appeared to be nega-
N 185 185 118  0.99 — 276 278 tive. Magnesium application in-
Mg + Ca* 0.93 1.34 0.89 0.78 — 2.76 238 creased petiole Mg levels in 1997
N+Mg+Ca® 166 1.56 1.09 — — 2.88 2.70 and 1998, with a persistent effect
Significance (Pr > EF obtained in 1999 (Table 2). Calcium
N 0.0001 0.006 0.0001 0.04 — ns 0.0006 levels were significantly increased
Mg + Ca ns ns ns ns — ns ns by Mg + Ca application, as indicated
N + Mg + Ca ns ns ns —y — ns ns by veraison-sampled tissues. An in-
Samples collected at veraison creased [Ca] by Mg + Ca at bloom of
Control — 100 078  0.94 116 104 098 1999 was, curiously, associated with
N — 1.08 0.90 0.95 1.82 1.40 1.34 a significant reduction at veraison.
Mg + Ca* — 108 080 128 102 104 101 Sampled at veraison, we again saw a
N + Mg + Ca? _y 1.05 0.88 — 1.84 1.26 1.26 slight increase in petiole [K] with N
Significance (Pr> F} application, and all fertilizer treat-
N — ns 00009 ns 0.0001 0.0002  0.0001 ments tended to increase Mg and Ca
Mg + Ca — ns ns 0.006 ns ns ns levels relative to the control vines
N*Mg+Ca — 0.01 ns — ns ns ns (Table 2). Significant treatment ef-
fects on rachis concentrations of
zCalcium (Ca) was not applied in the 1996 or 1999 seasons. other elements were observed, but
YData not collected. the relationships among those differ-
*Significance of treatment main effects and their interaction. ns = non-significant. ences were in no instance consistent
with the observed pattern of BSN
incidence (data not shown). Other
Table 2. Cabernet Sauvignon leaf petiole elemental composition as influenced by ferilizer treatments at Winchester from 1996 to 1999.
Potassium Magnesium Calcium
Treatment 1996 1997 1998 1999 1996 1997 1998 1999 1996 1997 1998 1999
Petioles collected at bloom time
Control 5.09 2.38 3.16 2.00 0.37 0.23 0.25 0.22 1.97 1.38 1.42 1.42
N 4.60 1.86 3.72 2.52 0.46 0.26 0.30 0.28 1.84 1.30 1.80 1.41
Mg + Ca? 4.82 2.88 3.16 1.66 0.37 0.27 0.33 0.34 1.85 1.40 1.78 1.73
N + Mg + Ca? 4.95 2.88 3.58 — 0.48 0.28 0.35 — 1.61 1.42 1.72 —y
Significance (Pr > F)*
N ns ns 0.01 0.06 0.02 ns ns 0.07 0.03 ns ns ns
Mg+Ca ns ns ns ns ns 0.01 0.007 0.002 0.03 ns ns 0.01
N*Mg+Ca ns ns ns — ns ns ns — ns ns 0.03 —
Petioles collected at veraison
Control — 1.34 5.68 5.58 —Y 0.19 0.39 0.69 —Y 0.68 1.60 1.96
N — 6.54 6.58 6.20 — 0.44 0.47 0.59 — 1.66 1.80 1.72
Mg +Cay — 6.22 5.74 5.52 — 0.42 0.50 0.46 — 1.60 1.98 1.64
N+ Mg + Ca¥ —y 6.10 6.34 — — 0.38 0.56 —y — 1.70 1.84 —
Significance (Pr > F)*
N — 0.0001 0.003 0.07 — 0.02 0.04 ns — 0.008 ns 0.02
Mg+Ca — 0.0001 ns ns — 0.03 0.008 0.001 — 0.01 0.04 0.003
N*Mg+Ca — 0.0001 ns — — 0.001 ns — — 0.02 ns —

* Significance of treatment main effects and their interaction. ns = nonsignificant.
z Calcium (Ca) was not applied in the 1996 or 1999 seasons.
v Data not collected.
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Table 3. Cabernet Sauvignon leaf petiole nutrient composition at bloom time, averaged across fettilizer treatments at Winchester.

Percent of dry weight

umgemg™ dry weight

N P K Mg Ca B Cu Fe Mn Zn
1996 1.31 0.31 4.87 0.42 1.82 39 15 90 206 44
1997 1.52 0.13 2.50 0.26 1.38 35 7 38 108 40
1998 1.01 0.11 3.41 0.31 1.28 30 7 47 258 35
1999 0.86 0.20 2.06 0.28 1.52 23 9 32 220 30
Standards* 1.20-220 0.15-? 150-250 0.30-050 1.00-7? 30-100 7-15 40-7 25-1K 35-50

*Currently accepted sufficiency range as used in Virginia [37].

essential nutrients were generally at or above bloom
sufficiency levels used in the mid-Atlantic (Table 3).

Correlation coefficients between BSN incidence at
harvest and individual nutrients and various nutrient
ratios revealed strong inverse relationships between
tissue [N] and BSN incidence (Table 4). Significant,
positive correlations were also observed between phos-
phorus concentration and BSN incidence for bloom-

sampled petioles and veraison-sampled rachises. Ra-
tios of K/Mg and K/(Mg + Ca) were significant but
negative with bloom-sampled rachis tissues. Bloom-
sampled tissues produced more significant correlations
between nutrients and BSN incidence than did verai-
son-sampled tissues.

Canopy descriptors: Vines of all treatments, in-
cluding control, produced an abundance of healthy foli-
age, and two or three (1996) shoot

hedgings were required to keep shoots

Table 4. Correlation coefficients between BSN and selected nutrients
and nutrient ratios at four combinations of tissue and sample period.
Data are only for Winchester Vineyard and include four years’ data.

at about 17 nodes in length. Point
quadrat analyses conducted each sea-
son (except 1999) illustrated that
canopy dimensions were generally uni-

BSN Bioom- Bloom- Veraison
correlated sampled sampled sampled
with: petioles® rachises? petioles?

N - 0.43 (0.0005) -0.55 (0.0001) ns

P 0.53 (0.0001) ns ns

K ns -0.37 (0.007) ns

Mg 0.22 (0.08) ns ns

Ca 0.33 (0.009) 0.36 (0.01) ns

K/Mg ns -0.26 (0.07) ns

K/(Mg + Ca) ns -0.46 (0.0008) ns

form among all treatments with re-

Veraison
sampled spect to leaf layers, percent exposed
rachises? fruit, and percent gaps (Table 5). Sun-
-0.25(0.04) light penetration of fruit zones differed
0.69 (0.0001) little among treatments; however, N
ns decreased PPF in 1996, and both N and
ns Mg + Ca decreased PPF in 1997, with
ns some interaction apparent (Table 5).
ns Vines that received either N treatment
ns had perceptibly greener foliage than

observed with other treatments.

zPearson product-moment correlation coefficients and, in parentheses, p> Irl. Each correla-
tion coefficient is based on approximately 60 observations. ns = non-significant correlation.

Table 5. Canopy characteristics and sunlight penetration of fruit zones [photosynthetic photon flux (PPF)]
of Cabernet Sauvignon vines as affected by fertilizer treatment at Winchester from 1996 to 1998.

Canopy (fruit zone) point quadrat analysis

PPF

Leaf layers % Exterior fruit % Gaps (Lmolem2es1)
Treatment 1996 1997 1998 1996 1997 1998 1996 1997 1998 1996 1997
Control 0.9 1.2 1.2 65 64 79 12 10 10 5.5 3.6
N 0.9 1.6 1.8 67 60 59 15 6 7 4.0 1.9
Mg+ Ca?z 1.0 1.6 1.7 81 59 55 15 7 6 5.4 21
N+Mg+Caz 0.9 1.9 1.8 64 57 71 16 4 3 37 1.8
Significance (Pr > F)"
N ns 0.003 0.02 0.007 ns ns 0.03 ns ns 0.0001 0.003
Mg + Ca ns 0.002 0.04 0.02 ns ns ns ns ns ns 0.02
N + Mg + Ca ns ns ns 0.0005 ns ns ns ns ns ns 0.05

zCaicium (Ca) was not applied in the 1996 or 1999 seasons.

vySignificance of treatment main effects and their interaction. ns = nonsignificant.
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Table 6. Average cane pruning weights, crop per vine, and cluster weight of Cabernet Sauvignon vines
as influenced by fertilizer treatment at Winchester.

Pruning wt./vine (kg) Cropl/vine (kg) Cluster wt. (g)

Treatment 1996 1997 1998 1996 1997 1998 1996 1997 1998
Control 3.6 26 21 14.8 18.6 10.6 94 139 111
N 4.2 3.3 3.3 12.9 18.2 11.5 121 153 118
Mg + Ca® 3.7 3.0 24 15.3 18.6 10.7 123 149 113
N + Mg + Ca? 4.4 3.3 37 14.7 17.3 117 118 139 122
Significance (Pr > F)Y

N 0.0001 0.0001 0.0001 ns ns ns ns ns ns
Mg+Ca ns 0.05 ns ns ns ns ns ns ns
N*Mg+Ca ns ns ns ns ns ns 0.04 0.02 ns

zCalcium (Ca) was not applied in the 1996 season.
¥Significance of treatment main effects and their interaction. ns = nonsignificant.

crease (1.5° Brix) occurred with the N-only treatment
of 1998. Fruit pH was increased from 0.1 to 0.2 units by
N application in all years, significant in 1996 and 1997.

Table 7. Soluble solids concentration (SSC) and pH of
Cabernet Sauvignon at harvest as influenced

by fertilizer treatment at Winchester. Fruit titratable acidity was unaffected by treatment
(data not shown).
SSC% pH* Percent BSN: BSN symptoms observed in this

study were comparable to those described elsewhere;
symptoms initially appeared as a discoloration of the
cluster stem at or around the time that berry color
began to transition from green to blue. Berries distal to
that lesion were retarded in sugar accumulation and
were flaccid by the time that unaffected berries of the
cluster were pigmented. Typically, only the distal 15%
to 20% of a cluster was affected. The temporal relation-

Treatment 1996 1997 1998 1996 1997 1998
Winchester experiment

Control 19.9 22.0 227 3.71 3.61 3.61

N 19.5 21.7 21.2 3.84 3.82 3.82

Mg + Ca¥ 19.9 21.8 221 3.76 3.70 3.70

N+ Mg+ Car 19.7 21.9 221 3.85 3.73 3.73

Significance (Pr > F)*

N 0.04 ns 0.0008  0.002  0.01 0.02 ship between sugar accumulation and BSN symptoms
Mg + Ca ns ns ns ns ns ns is illustrated for the 1996 data by Figure 1. Symptoms
N*Mg+Ca ns ns 0.002 ns ns ns

rapidly appeared when fruit soluble solids concentra-
tion reached about 15° Brix and continued to increase
for approximately one month, or until about 19° Brix.
Affected portions of clusters occasionally abscised with
time, leading to an apparent decrease in BSN inci-

*Analyses conducted on previously frozen berry samples, with pH in-
creased 0.1 to 0.2 pH units (33).

yCalcium was not included in 1996.

* Significance of treatment main effects and their interaction. ns =
nonsignificant.

50
Cane pruning weights, com- o

ponents of yield, and fruit qual- 40 - o
ity: Nitrogen application had a sig- z = o CIN + Mg
nificant, positive, and seasonally @ 30 - :E Mg
consistent effect on cane pruning g | !E: 2 (N Nonly
weights (Table 6). Crop per vine and 8 2 2 e .

. - . Control
berry weights (data not shown) var- Eﬁ u
ied little between treatments, al- 10 7 \ﬁ Q::
though cluster weights were lower &:-:. \E;
on control vines than on other treat- 0 - ' .
ments in 1996, with a signiﬁcant Aug. 29 Sept. 12 Sept. 28 Oct. 10 Oct. 24
treatment interaction in both 1996 (15.5%) (17.0%) (18.2%) (19:1%) (19.8%)
and 1997 (Table 6). Crop load did not Date
differ among treatments (data not (Soluble solids concentration)
ShOWn) - Fruit soluble solids concen- Fig. 1. Sampling date and corresponding percent bunch stem necrosis (BSN) and soluble solids
tration was unaffected by treatment concentration of Cabernet Sauvignon grapevines at Winchester during 1996. BSN levels of the
in 1997, and was slightly depressed two treatments that included N were significantly (p < 0.05) less than BSN levels of the two
by N in 1996 and 1998 (Table 7). treatments that did not include N at each sample date. Soluble solids concentration is the mean

Relative to control, the greatest de- of all fertilizer treatments for that date.
?
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Table 8. Incidence of bunch stem necrosis (BSN) as influenced
by fertilizer treatments in Winchester and Leesburg experiments.

Percent BSN prior to harvest

Treatment 1996 1997 1998 1999
Winchester experiment
Control 41 7 23 4
N 14 3 3 3
Mg + Ca® 39 2 17 33
N + Mg + Ca? 9 2 3 7
Significance (Pr > F)*
N 0.0001 ns 0.0001 0.02
Mg + Ca ns 0.02 ns 0.005
N*Mg+Ca ns ns ns 0.03
Leesburg experiment
Control — 1 0 —
N —* 2 10 —x
Mg + Ca — 1 0 —
N + Mg + Ca — 5 4 —
Significance (Pr > F)*
N — ns 0.06 —
Mg + Ca —x ns ns —*
N*Mg+Ca — ns ns —

zCalcium (Ca) was not applied in the 1996 or 1999 seasons.
¥ Significance of treatment main effects and their interaction.
ns = nonsignificant.

*Treatments not applied.

dence, as illustrated by the October data of Figure 1.

BSN incidence was decreased by N, whether the N
was applied alone or in combination with Mg + Ca
(Table 8). By contrast, control vines, and those that
received only Mg + Ca, exhibited as much as 41% BSN
incidence (Table 8). Mg + Ca had a slight negative
effect on BSN in 1997, but a stronger positive effect in
1999. The overall low level of BSN in 1997 casts doubt
on the actual significance of the 1997 Mg + Ca effect.
Seasonally, the 1996 and 1998 seasons produced the
highest incidence of BSN symptoms.

Meteorology: Accumulated heat units at Win-
chester (10°C base, April-October period) were 1808
(1996), 1721 (1997), 2225 (1998), and 2060 (1999). The
1996 season had the greatest frequency and total
amount of precipitation, the 1997 season the least
(data not shown).

Leesburg

Percent BSN: Very low levels of BSN were ob-
served at Leesburg in the ¢ourse of this study (Table 8).
A follow-up examination in September 1999 was con-
sistent with that trend (data not shown). Nitrogen ap-
plication was associated with slightly increased BSN at
Leesburg in 1998; however, that response was quite
variable among plots. For example, 92% of the BSN-
affected clusters in the N treatment were found in two
of the five treatment plots. Given the short-term nature
and generally insignificant results of the Leesburg ex-
periment, the results of that experiment are presented
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in an abbreviated fashion here, but are available else-
where [8].

Soil analysis: Soil samples collected in May 1997,
prior to treatment application, showed the soil to be
moderately fertile with a pH of 7.0 at 0 to 20 cm and 5.8
at 20 to 40 cm [8]. Soil Mg levels (July 1998) averaged
382 ppm in the top 20 em and did not appear to be
influenced by treatment at Leesburg [8]. Soil [K], which
averaged 121 ppm at the start of the experiment (0 to
20 cm), was greatest (199 ppm) in the Mg + Ca plots at
the termination of the experiment and essentially un-
changed among other treatments. The soil samples
collected in 1999 revealed pH values of 6.5 (control), 6.8
(N only), 6.9 (Mg + Ca), and 6.4 (N + Mg + Ca).

Tissue elemental analysis: Vines that received
only N in 1997 showed elevated N concentrations in
petioles collected at bloom (1.20% vs. 1.04% in control
vines); however, that response did not persist to verai-
son, was not evident with the N + Mg + Ca treatment,
and was not observed in 1998 (data not shown). Other
than a possible increase in tissue [Mg] and decrease in
[K] in 1998, applied N had no other impact on tissue
macronutrient concentration, or on micronutrients
(data not shown). Magnesium application was associ-
ated with increased K and depressed Mg in 1998. Cal-
cium application produced no meaningful effects on
macro- or micronutrients (data not shown).

Canopy descriptors: Canopy density was unaf-
fected by treatment at Leesburg (data not shown).
Canopies averaged 2.2 to 3.2 leaf layers and 0 to 4%
gaps among treatments, and all were associated with a
majority of exposed fruit clusters. Average sunlight
penetration of fruit zones ranged from 5 to 7%. Vines
that received N had perceptibly greener canopies by
midsummer, relative to control and Mg + Ca vines.

Cane pruning weights, components of yield,
and fruit quality: Nitrogen application at Leesburg
led to increased vine pruning weight in 1998, but crop
yield components were unaffected by treatment in the
two years examined (data not shown). Vine size in-
creased from 1997 to 1998, but crop per vine remained
essentially unchanged. Fruit soluble solids concentra-
tion was unaffected by treatment in either year, while
pH was increased by either N or Mg + Ca (data not
shown).

Discussion

Vines at Winchester responded predictably to
added N, showing increased tissue N concentrations,
increased cane pruning weights, and visually greener
foliage from the first year of treatment, relative to
vines that received no N. Slightly increased canopy
density was measured after the first year, possibly as a
function of increased lateral shoot development, larger
leaves, or both [2,30], as shoot density was held con-
stant. Increased vine size, or cane pruning weights, is a
common response to N fertilization, at least where
unfertilized vines are deficient in N [2,30]. Cane prun-
ing weights at Winchester ranged, on treatment aver-
age, from 0.5 to 1.0 kg/m of canopy. That range was
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within or in excess of the range (0.3 to 0.6 kg/m) that
Smart et al. [31] suggested was desirable for non-
shaded canopies, especially in light of the fact that our
canopies were shoot-trimmed at least once per year.
Canopy leaf layers, gaps, and PPF measures at Win-
chester all suggested that indirect effects of N on BSN
incidence (e.g., via canopy shade) were minimal. Re-
sponse to Mg was less pronounced at Winchester, and
increases in tissue Mg occurred with N alone, as well as
the two Mg treatments.

Vines at Leesburg, by contrast, failed to predict-
ably respond to treatments: Tissue N concentration
and leaf color suggested that vines were on the low end
of the N sufficiency range. Cane pruning weights (0.3 to
0.7 kg/m of canopy) indicated N sufficiency, or border-
line insufficiency. Nevertheless, aside from greener fo-
liage, the Leesburg vines showed little benefit from the
added N in the two-year period of study. Magnesium
application either had no effect or was accompanied by
depressed Mg tissue levels. The Leesburg vines did
have very high tissue Mg levels, compared to standards
used in the Mid-Atlantic region [37], and that high Mg
status might have mitigated further Mg accumulation.
We suspect that the apparent increase in tissue [K]
with Mg + Ca application was partially due to the high
soil availability of K in those plots.

The Winchester data implicate depressed tissue N
concentration in the expression of BSN at that vine-
yard. The lower threshold of that response was at ap-
proximately 0.9% N, as assessed in bloom-sampled leaf
petioles. An upper threshold was not identified, and
regardless of tissue N level, vines at Winchester annu-
ally expressed up to 10% BSN. It therefore appears
that factors other than N were also involved in BSN
expression at Winchester. In that regard, we found no
reports in the literature of complete BSN control
through vineyard fertilization practices. Treatment ef-
ficacy was typically reported on the order of 60% to 70%
reduction in incidence or BSN severity (e.g., 4), and in
cases only 20% to 30% [19].

To our knowledge, the decrease in BSN symptoms
by N application has not been previously reported.
Furthermore, the reductions in BSN incidence by in-
creased tissue N appear, qualitatively, to contradict
several other reports [10,13,17]. Quantitatively, how-
ever, our results are not necessarily at odds with previ-
ous studies. For example, the average N concentration
of rachis tissue (< 1.84%) in our work was less than that
(2.50%) which Christensen and Boggero [10] found in
rachises collected from symptomatic clusters in “high
incidence” vineyard areas. In the Chilean work [13], N
application (129 kg/ha) was associated with 15% af-
fected grapes, compared to 4.7% with control vines, not
a dramatic difference. And, in the Swiss work [17],
increased N availability (up to 240 kg/ha) increased
BSN incidence slightly in only two of eight years of
trial.

A common feature of BSN is the annual variability
of expression [17,20] in a given vineyard. The annual

variability of BSN expression at Winchester was
strongly correlated with the annual variability of
bloom-time leaf petiole N concentration. Bloom-time
leaf petiole concentrations below 0.9% increased the
likelihood of BSN development in that season; how-
ever, 1999 provided an exception to that pattern. The
incidence of BSN at Winchester in 1999 was puzzling in
that BSN failed to appreciably develop in control plots
(0.8% N in bloom-time petioles). Those vines did, how-
ever, show somewhat increased N concentration at ve-
raison, opposite the normal seasonal decline of tissue N
concentration. Bloom-time rachis tissue N concentra-
tion was also predictive of BSN symptoms, but rachis
tissue at bloom did not show the response to N fertilizer
as discriminatively as petioles did. Veraison petioles
and rachis tissue were also predictive of BSN inci-
dence, but not as precisely as bloom-time petioles.
Given their cane pruning weights and the need to sum-
mer prune to maintain 15-17 nodes per shoot, the Win-
chester vines were not obviously deficient in N. This
observation raises some questions about N allocation
within the vine and discourages the use of visual indi-
cators alone for judging N fertilization needs.

Deficiencies of Mg and Ca have been associated
with BSN [11,18,34]. We do not believe that either
nutrient was directly involved with BSN expression at
Winchester. First, Mg application alone (1996) or in
combination with Ca, had no or very little (1997) im-
pact on BSN expression. Secondly, the year with the
least BSN (1997) produced the lowest tissue levels of
Mg and Ca. The K/[Mg + Ca) ratio did correlate signifi-
cantly with BSN incidence, but the relationship was
negative, meaning that BSN incidence decreased with
increasing K/(Mg + Ca) ratio. That is opposite to the
response reported in certain European studies [5,6],
but comparable to results reported by Christensen and
Boggero [10].

It is interesting to note that the one instance of
elevated BSN occurrence at Leesburg (N treatment in
1998) was associated with a low to deficient level of K
(1.16% in bloom time petioles). Christensen and
Boggero [10] observed depressed [K], and increased
NH,* levels in BSN-symptomatic rachis tissues across
several years and numerous field studies. Despite
previous episodes of BSN, the incidence of BSN was
essentially nil in both years at Leesburg. Our treat-
ments had little effect on petiole nutrient concentra-
tion, and little or no effect on BSN. The short-term
nature of the Leesburg experiment could partially ex-
plain the lack of vine response; however, we might have
at least expected greater increases in vine N status.
Vines that received N consistently appeared to have
larger leaves and deeper green foliage, compared to
vines that did not receive N. However, bloom-time leaf
petiole analysis in both years revealed N deficiency by
Virginia standards. This does raise the possibility that
other nutrient deficiencies were constraining growth or
limiting the effectiveness of the applied N.

We considered the possibility that N application
merely delayed the expression of BSN through a delay
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in fruit maturity. That possibility was discounted, how-
ever, in light of the minimal effects that N had on fruit
ripening. The increased fruit pH [above that due to
sample freezing [33] observed here with increased N
availability, often reported in canopy management lit-
erature, does have undesirable enological implications
and would have to be considered in an optimized N
nutrition program.

Nitrogen has been linked to BSN expression chiefly
through a surplus or toxic mode [10]. Here we illustrate
that insufficient tissue N may also increase the fre-
quency of BSN. The apparent disparate causes of BSN
might gain some degree of unification under an hypoth-
esis in which BSN can result from a range of stresses,
mediated perhaps through “carbon starvation” [25], or
the accumulation of stress metabolites such as pu-
trescine [28]. BSN incidence was also associated with
elevated NH,* and putrescine, both of which were
linked to insufficient K levels [28]. Putrescine levels
have been linked to K deficiency in many plants [32],
including grape [1]. Putrescine accumulation in grape
leaves has also been observed under N deprivation [15].

The potential, manifold causes of “shank” [BSN]
were quaintly proposed more than a century ago. Dis-
cussing production of hot-house grapes, William
Chorlton [9] stated, “... we are led to believe, that
anything which arrests, or interferes with the healthful
action of the vine at [veraison] will be likely to produce
shank.” Chorlton’s description of shank is no different
from contemporary descriptions of BSN. Regardless of
timing, we reiterate Chorlton’s premise that BSN may
be caused by multiple factors. In the case of the Win-
chester vineyard, the prime contributor appeared to be
insufficient tissue N. Nitrogen, however, was probably
not the sole factor, in that a low level of BSN persisted
even when N was increased to sufficient or even supra-
optimal levels. The historical cause(s) of BSN at
Leesburg were uncertain given the low level of BSN
occurrence in our two years of study.

Conclusions

(1) BSN at Winchester was closely associated with low
(<0.90%) tissue N concentration within a given
year, especially as measured in leaf petioles col-
lected at bloom-time.

(2) Annual variability of BSN incidence at Winchester
was correlated with seasonal fluctuations in bloom-
time [N], regardless of fertilizer treatment.

(3) Potassium, Mg, and the K/(Mg + Ca) ratio had no
apparent bearing on BSN at Winchester. Our re-
sults therefore differ from many of the European
reports.

(4) With the possible exception of the 1998 Leesburg
data, N application did not promote BSN.

(5) Our data present an interesting paradox for vine N
assessment. Traditional, visual measures of vine N
status (canopy fill, crop level, cane pruning
weights) did not necessarily agree with tissue
analysis results. The latter more accurately de-
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fined the need for additional N to minimize (but not
eliminate) BSN occurrence.

(6) Results from the Leesburg experiment were equivo-
cal due to the low incidence of BSN and the lack of
vine response to treatment.
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