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Abstract: The choice of planting density is a key decision with long-term implications for grape 19 

growers to make before vineyard establishment. The field trial with drip-irrigated, machine-pruned 20 

Concord juice grapes described here tested the effects on yield formation and fruit composition of 21 

two between-row distances (2.44 m and 2.74 m) and four within-row distances (0.91 m, 1.83 m, 22 

2.74 m, and 3.66 m), resulting in planting densities ranging from 997 to 4485 vines/ha. Canopy 23 

size, yield components, and fruit composition were measured over 6 years, starting in year 3 after 24 

planting. Whereas in the first cropping season the yield at 0.91 m and 1.83 m vine spacing (11.8 25 

t/ha) was twice that at 2.74 m and 3.66 m (5.6 t/ha), on average over the 5 subsequent years the 26 

yield of 0.91-m vines was 38% lower (18.2 t/ha) than that at the other planting distances (29.2 27 

t/ha). During the last 4 years, the average yield of vines planted at 2.44 m between rows was 2 t/ha 28 

 AJEV Papers in Press. Published online August 19, 2021.

https://creativecommons.org/licenses/by/4.0/


 
American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2021.21014 

AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal  
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes. 

 
 

2 
 

higher than that at 2.74 m. The yield potential and fruit quality of closely spaced vines (0.91 m) 29 

was compromised by their vigorous growth, high canopy density, and poor microclimate, which 30 

resulted in fewer clusters/vine, fewer berries/cluster, lower cluster weights, and more bunch-stem 31 

necrosis. Leaf death in the canopy interior was associated with nutrient remobilization and high 32 

potassium and pH in the juice from 0.91-m vines. Juice total soluble solids, titratable acidity, and 33 

color remained unaffected by planting density. These results show that planting juice grapes at 34 

high density in irrigated and highly mechanized vineyards is detrimental to both cropping potential 35 

and fruit quality. 36 

Key words: canopy size, fruit composition, juice grapes, planting density, yield components 37 

Introduction 38 

Planting density, or the number of vines per unit of land surface area and their arrangement 39 

between and within rows, is the only vineyard yield component that is established at planting and 40 

remains essentially unchanged for the lifespan of most vineyards. It also influences other yield 41 

components, such as the number of buds and shoots per vine, which in turn drive the number of 42 

clusters per vine and may affect the number of berries per cluster and berry weight (Keller et al. 43 

2004, 2015a, Reynolds and Vanden Heuvel 2009). Because of its long-term implications, the 44 

choice of planting density is a key decision for growers to make before vineyard establishment. 45 

Yet surprisingly little scientific work has been conducted to support the decision-making process. 46 

In many regions, the “standard” planting density has remained unchanged for many decades or 47 

even centuries, and the choice is often driven by tradition, regional regulations, equipment 48 

constraints, or even myth.  49 
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It is often assumed that higher planting density increases the competition among vines for 50 

resources and thus decreases shoot growth and yield per vine while increasing the crop yield per 51 

unit land area (e.g. Mullins et al. 1992 and literature therein). The evidence for the competition 52 

hypothesis, however, is limited and mainly based on measurements of leaf area and/or pruning 53 

weight per vine. Some studies found inconsistent effects of vine spacing on pruning weight 54 

(Reynolds et al. 1994) or found that the pruning weight per vine decreased as vine spacing 55 

decreased but increased when expressed per unit canopy length (Reynolds et al. 1996, 2004a,b). 56 

Other studies reported increases in shoot number, leaf area, cluster number, and yield per unit 57 

canopy length with decreasing vine spacing (Hedberg and Raison 1982, Bernizzoni et al. 2009). 58 

Unpruned plants of Vitis species in the wild can grow to very large size and potentially produce 59 

fruit for hundreds of years, even in the face of intense competition from trees and other species 60 

(Keller 2020). Similarly, minimally pruned cultivated grapevines can remain productive for 61 

decades when appropriate management practices are applied (Clingeleffer 1984, Possingham 62 

1994, Poni et al. 2016).  63 

As Shaulis and Kimball (1955) remarked, planting density trials are often also trials of 64 

pruning severity because the bud number per vine increases as vine spacing increases. Grapevines 65 

adjust to increasing bud numbers by decreasing the percentages of budbreak and fruit set, and by 66 

decreasing berry growth (Possingham 1994, Miller and Howell 1998, Intrieri et al. 2001). Research 67 

on pruning severity, including manual and mechanical pruning strategies, for American juice 68 

grapes has been conducted in both cool, humid and warm, dry regions with vines that were either 69 

non-irrigated, furrow-irrigated, or overhead sprinkler-irrigated (Morris and Cawthon 1981, Miller 70 

and Howell 1998, Keller et al. 2004, Bates and Morris 2009). That work found that in very cool 71 
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growing seasons, the high yields of mechanically or minimally pruned vines were occasionally 72 

associated with insufficient fruit maturity by harvest. Meanwhile, mounting issues with spring and 73 

summer drought in the western United States over the last two decades have led to the gradual and 74 

ongoing conversion of juice grape vineyards to drip irrigation. Changes in precipitation patterns 75 

associated with global climate change are of particular concern for Washington’s Yakima Valley, 76 

where a large portion of the US juice grape production is located. Its annual precipitation of ~200 77 

mm makes crop production in the valley dependent on irrigation fed by snow melt in the Cascade 78 

Range. However, peak flows of the Yakima River are shifting from May/June to February and 79 

overall irrigation water availability is declining (Elsner et al. 2010). At the same time the warming 80 

temperatures are driving more rapid evapotranspiration rates from vineyards and other crops, 81 

which further increases the risk of summer drought in the region. Growers generally keep juice 82 

grapes well irrigated as they are trying to maximize crop production (e.g. Keller et al. 2004). 83 

Owing to their large canopy, such vines use as much as three times more water than do deficit-84 

irrigated wine grapes (Tarara and Ferguson 2006). Consequently, the long-term productivity of 85 

high-yielding, drip-irrigated juice grapes under continued mechanical pruning remains unknown.  86 

The objective of this study was to identify the optimal planting distance for the fully 87 

mechanized production of juice grapes in drip-irrigated vineyards with the aim of maximizing 88 

profits for growers. In manually balance-pruned juice grapes in upstate New York, yield per unit 89 

vineyard area increased slightly as the planting density increased, and a density of 1481 to 1728 90 

vines/ha was found to be ideal to maximize the cropping potential (Shaulis and Kimball 1955). 91 

We hypothesized that the cropping potential of large, machine-pruned vines is reached earlier and 92 

then remains less variable from year to year when the vines are spaced more closely together. Our 93 
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underlying assumptions were that closely spaced vines (i) fill the cordon more quickly, offering a 94 

faster return on investment; and (ii) develop a greater mass of permanent organs per unit land area, 95 

which should allow these vines to access stored nutrient reserves for fruit production and ripening 96 

when necessary to balance episodes of environmental stress (Koblet et al. 1994, Keller et al. 97 

2015b). Based on this premise, we established a juice grape vineyard with two different between-98 

row distances and four within-row distances, including the regional industry standard of 2.74 m 99 

between rows and 1.83 m within rows, and monitored canopy size, yield components, and fruit 100 

composition for 6 years beginning in the third year after planting.  101 

Materials and Methods 102 

Vineyard site and experimental design. The 3.2-ha vineyard block was planted in 2003 103 

with own-rooted, certified Concord grapes, an interspecific hybrid cultivar with Vitis labrusca L. 104 

and Vitis vinifera L. ancestry (Huber et al. 2016), clone 6, at the Roza unit of Washington State 105 

University’s Irrigated Agriculture Research and Extension Center (46.29°N, 119.74°W, 365 m 106 

a.s.l.). Overall topography characteristic is a <2% north to south slope with rows of 124 m in length 107 

in north‒south direction. The soil type is predominantly Warden silt loam (pH 7.2; volumetric 108 

water content at field capacity, FC, 22.7% v/v; permanent wilting point, PWP, 7.1%) with a small 109 

section of Burke silt loam (pH 7.9; FC 21.9%; PWP 6.5%), with <1% organic matter 110 

(https://websoilsurvey.sc.egov.usda.gov). Soil depth to a caliche layer over basalt varies from 50 111 

to 120 cm. The trellis system consisted of wooden posts alternating with two steel posts, with 112 

two vines between posts, and a single, high-tensile cordon wire at 1.83 m; no foliage wires were 113 

installed. Immediately after planting, a permanent mid-row cover of resident vegetation was 114 

https://websoilsurvey.sc.egov.usda.gov/
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allowed to develop; it generally went summer-dormant and was not controlled apart from 115 

occasional mowing, while a 1.2-m herbicide strip was maintained in the rows during the growing 116 

season. Other pesticides were not applied in this vineyard. Six access tubes were installed to a 117 

depth of 90 cm (soil depth permitting) across the trial area to monitor soil moisture using a neutron 118 

probe (503 DR Hydroprobe; CPN International). Drip irrigation was supplied using 18-mm 119 

driplines with 3.6-L/h emitters spaced at 0.91 m. Irrigation water was applied weekly or twice 120 

weekly as needed to maintain soil moisture above 15% and avoid plant water stress, which was 121 

assessed visually (i.e., continued shoot growth, absence of leaf wilting or yellowing). Nitrogen 122 

fertilizer, in the form of UAN-32, was applied by fertigation through the drip irrigation system. 123 

In 2004, 7 kg N/ha was applied at the six-leaf stage. The fertilizer rate was increased to 45 kg 124 

N/ha in 2005 and then to 66 kg N/ha in 2009 to account for the increasing canopy size and yield 125 

as the vines matured. From 2005 onward, fertilizer applications were split equally between the 126 

six-leaf stage, bloom, and fruit set.  127 

Young vines were protected with milk cartons and trained up to the cordon wire using 128 

baler twine strung between the top of the original cutting and the wire. Cordon establishment 129 

began in 2004; cordons were trained unilaterally for vines planted at a distance of 0.91 m and 130 

bilaterally for all other vines. All vines were manually pruned to canes of five to six buds each 131 

in 2005 and 2006; cane numbers varied depending on vine size. Mechanical pruning started in 132 

2007 and consisted of hedging 30 cm on either side of the cordon wire and skirting 30 cm below 133 

the wire; no pruning was done above the wire to retain a maximum number of fruitful buds. Bud 134 

numbers were then manually adjusted to a maximum of 70 buds per meter of row in 2007 and 135 
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2008. From 2009 onward, manual pruning was limited to minimal touch-up only; pruners were 136 

instructed to cut off occasional low-hanging canes while walking without stopping. The growing 137 

shoots were allowed to hang under the weight of the developing fruit, and no canopy management 138 

was applied after winter pruning in this vineyard.  139 

The experiment was designed as a split-plot with two between-row distances (2.44 m and 140 

2.74 m) assigned to main plots running the entire row length, and four within-row distances (0.91, 141 

1.83, 2.74, and 3.66 m) assigned to subplots in three randomized blocks. This design generated 142 

eight unique sets of vine numbers per hectare (4485, 3987, 2242, 1993, 1495, 1329, 1121, and 143 

997), corresponding to a 4.5-fold range in planting density. Each replicate block consisted of five 144 

rows with the between-row spacing arranged such that a middle row was flanked by rows at the 145 

same distance, and the within-row spacing arranged in groups of at least six contiguous vines 146 

randomly down the rows but identical across the five rows. Within each treatment replicate, four 147 

consecutive data vines were assigned between buffer vines planted at the same spacing. 148 

Surrounding data vines on all sides with vines planted at the same distance was important to 149 

minimize bias due to potential spacing-related differences in soil or root traits or canopy 150 

microclimate. Moreover, data vines were at least five vines away from row ends. All data vines 151 

were harvested manually on the same day once the vineyard exceeded an overall total soluble 152 

solids (TSS) target of 16 Brix except in 2009, when the very high yield delayed fruit ripening and 153 

harvest was done at 15 Brix. The rest of the vineyard was then machine-harvested by a cooperating 154 

grower.  155 

Weather data and plant measurements. Data were collected from 2005 through 2010. 156 

Daily weather data were obtained from an on-site AgWeatherNet station (http://weather.wsu.edu) 157 

http://weather.wsu.edu/
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located at the same elevation and ~450 m to the east of the vineyard. Growing degree days (GDD) 158 

for the period 1 Apr through 31 Oct were estimated from daily maximum and minimum 159 

temperatures, applying a base temperature of 10°C. Vine phenology was monitored in all years, 160 

and dates of 50% budbreak, bloom, and veraison, as well as harvest were recorded.  161 

Yield and its components (clusters per vine, cluster weight, berries per cluster, berry 162 

weight) were determined at harvest in all 6 years. We also attempted to estimate bud fruitfulness 163 

(i.e., clusters per shoot) from counts of cluster numbers at harvest and cane numbers before winter 164 

pruning. However, because cane counts proved to be error-prone and thus unreliable, cluster 165 

numbers per unit row length were used as a proxy for overall vine fruitfulness. A 100-berry sample 166 

was collected at harvest from each replicate to measure fruit composition. Juice TSS, titratable 167 

acidity (TA), pH, potassium (K+), and red color intensity were determined as described elsewhere 168 

(Keller et al. 2004, Harbertson and Harwood 2009). Percent fruit set was determined from 2008 169 

through 2010 for the 2.74 m row spacing only from counts of flower and berry numbers on three 170 

clusters per shoot, one shoot per vine, as previously described (Keller et al. 2001). The flower caps 171 

(calyptras) that were collected to estimate fruit set were counted, dried at 60°C, and weighed. The 172 

average cap dry weight (DW) per flower was used as a proxy for flower size which was then 173 

compared with harvest berry weight for berries on the same clusters (Keller et al. 2010).  174 

From 2008 to 2010, canopy dimensions (effective height, width, length) were measured at 175 

veraison to estimate the external canopy surface area and the canopy volume, assuming a general 176 

box shape typical of the large, hanging-shoot canopy of Concord vines. Light penetration into the 177 

fruit zone was measured by inserting an AccuPAR LP-80 ceptometer (Decagon Devices) 178 

perpendicular to row direction across the canopy 20 to 30 cm below the cordon wire within 30 179 
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min of solar noon on a sunny day at veraison. Fruit-zone light was expressed relative to ambient 180 

light above the canopy. Many leaves in the interior of the canopy were dying by veraison, 181 

especially in the vines spaced 0.91 m apart. The extent of leaf death was not quantified, but at 80% 182 

veraison (41 d before harvest) in 2009 we collected 12 sets of 6 mature leaf blades on the outside 183 

of the canopy and 12 sets of 6 dead leaves in the process of abscission in the canopy interior. The 184 

leaves were weighed, and chlorophyll was estimated using a handheld SPAD-502 meter (Minolta) 185 

with two measurements per leaf. Then the leaves were thoroughly rinsed with distilled water, dried 186 

at 60°C to constant weight, weighed again, ground, and sent to a commercial lab (Brookside 187 

Laboratories) to analyze leaf carbon, macronutrients, and micronutrients. The leaf samples were 188 

supplemented with 100-berry samples collected on the same date for analysis of TSS, TA, pH, K+, 189 

and color. Because pruning weight is not a suitable indicator of vine vigor or size for minimally 190 

pruned grapevines, we instead measured the trunk diameter approximately 30 cm above the 191 

vineyard floor in 2010 only.  192 

Data analysis. Data were analyzed using Statistica version 13.5 (TIBCO Software). 193 

Effects of within and between row spacing (treatments) and year were analyzed by three-way 194 

ANOVA and F-test. Because year × within-row spacing interactions were often significant, while 195 

between-row spacing effects were rarely significant, data from the two row spacings were pooled 196 

and within-row spacing data analyzed by one-way ANOVA for each year. Data that were collected 197 

only in a single year were analyzed by two-way or one-way ANOVA as appropriate. The pH values 198 

were converted to H+ concentrations for data analysis and means were converted back to pH for 199 

presentation. Duncan’s new multiple range test was used for post-hoc means comparisons when 200 
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treatment or year effects were significant. Associations between key response variables were tested 201 

using Pearson product moment correlation analysis.  202 

Results 203 

Among the six study years, 2010 had the coolest growing season and 2009 the warmest, 204 

but the two years differed by only 183 GDD (Table 1). This variation in GDD corresponds to a 205 

<1°C difference in average growing season temperature. Rainfall during the growing season was 206 

insignificant except in 2010 which was an unusually cool season with a rainy ripening period. The 207 

total annual precipitation varied from only 66 mm in 2005 to 255 mm in 2010. Budbreak of the 208 

Concord vines in this study generally occurred in mid-April, but in the cool spring of 2008 209 

budbreak was delayed until late April (Table 1). Bloom occurred in the first half of June, varying 210 

by 15 days among years, and veraison occurred in the second half of August, varying by 12 days 211 

among years. The variation in harvest date was much greater (25 days among years), because that 212 

date was determined by a combination of seasonal differences in temperature, crop yield, and 213 

equipment availability after the fruit reached the TSS target of 16 Brix.  214 

The average number of clusters per vine across all planting distances increased almost 10-215 

fold from 2005 through 2008 and then stabilized (Table 2). Average yields increased from 8.7 t/ha 216 

in 2005 to 14.0 t/ha in 2006, 23.1 t/ha in 2007, 25.2 t/ha in 2008, and 42.1 t/ha in 2009, before 217 

decreasing to 26.8 t/ha in 2010 (Figure 1). The transient cropping peak in 2009 was associated 218 

with the transition that year to near-minimal pruning. Higher than average flower numbers 219 

resulting in above-average cluster weights, as well as high berry weights, also contributed to the 220 

high yield in 2009 (Tables 2 and 3). However, there was no evidence of alternate (biennial) bearing 221 



 
American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2021.21014 

AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal  
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes. 

 
 

11 
 

in this vineyard. Tracking the crop yields of the 96 individual vines showed that the current-year 222 

yield was positively correlated with the previous-year yield (Figure 2). After 2006, the correlation 223 

coefficient increased and remained stable (r ≈ 0.78, p < 0.001) for the next 4 years. Only slightly 224 

lower correlations across years were obtained for cluster numbers per vine after 2006 (0.68 < r < 225 

0.76, p < 0.001). In other words, those vines that began their “career” with a heavy crop continued 226 

to do so and, except in 2010, at an even higher level than before. The higher yield potential of 227 

larger vines was further confirmed by the positive relationships between the crop yield per vine 228 

and both the canopy volume (Figure 3A) and the exterior canopy surface area (Figure 3B) across 229 

years and planting densities, and between yield per vine and the trunk diameter measured in 2010 230 

(Figure 4A). Additionally, the trunk diameter also correlated positively with the canopy volume 231 

per vine (Figure 4B), as well as with the vineyard surface area available per vine (r = 0.74, p < 232 

0.001, n = 96).  233 

Decreasing the planting density increased the vines’ cropping potential or reproductive 234 

capacity. This can be visualized by correlating the yield per vine with its available vineyard surface 235 

area (within-row spacing × between-row spacing) for each year (Figure 5). On average over the 6 236 

years, and even though differences were not significant within years (Table 2), the 2.74 m between-237 

row spacing was associated with 11% higher yields per vine than the 2.44 m spacing (p = 0.001), 238 

which resulted in similar yields per unit vineyard area between the two row distances. However, 239 

during the last 4 years, when the vines were fully productive, the vineyard yield at the 2.44 m row 240 

spacing was 7% higher (30.3 t/ha) than that at 2.74 m (28.3 t/ha; p = 0.045). In stark contrast with 241 

the row spacing effect (F = 11.2), the within-row spacing effect (F = 350.2) as a source of total 242 

variation in yield per vine was greater than the year effect (F = 178.5), followed in impact by the 243 
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year × vine spacing interaction (F = 18.5), while the effects of all other interactions were minor 244 

by comparison (F < 4). Similar ANOVA results were obtained for the number of clusters per vine. 245 

The order of vintage and vine spacing as sources of variation was reversed for yield per unit land 246 

surface area and for the remaining yield components, but the order of the other factors generally 247 

remained the same. The effect on yield of within-row spacing was highly significant across the 6 248 

years, both at the vine level and at the vineyard area level (p < 0.001). The 6-year average yield 249 

per vine was 4.1, 12.9, 16.9, and 24.3 kg at 0.91, 1.83, 2.74, and 3.66 m, respectively. In other 250 

words, increasing the within-row spacing fourfold increased the crop size (yield per vine) sixfold 251 

and the crop level (yield per unit row length) by 48%. The equivalent vineyard yield was 17.3, 252 

27.2, 23.9, and 25.6 t/ha at 0.91, 1.83, 2.74, and 3.66 m, respectively. Only in 2005, when the 2.74-253 

m and 3.66-m vines had not yet filled their cordon, did the 0.91-m vines bear a similar crop per 254 

unit land surface area as the 1.83-m vines. That year the yield at the two higher vine spacings was 255 

only 48% of that at the two lower spacings. The variation among vines was considerably lower 256 

from 2006 forward than in 2005, reflecting the fact that the vines had now filled the cordon. 257 

From 2006 through 2010, the 0.91-m vines produced on average only 62% (17.9 t/ha) of the 258 

crop of the vines at the other three within-row spacings (29.0 t/ha; p < 0.001). Over all 6 years, 259 

the highest vineyard yield was achieved with the standard 1.83 m vine spacing (Figure 1).  260 

Across all 6 years, the number of clusters per vine was a far greater driver of vine yield 261 

(r = 0.92, p < 0.001, n = 565) than was cluster weight (r = 0.15, p < 0.001). After 2005 the cluster 262 

number per vine consistently increased as the vine spacing increased (Table 2). Moreover, vine 263 

fruitfulness, estimated as cluster number per unit row length, was high in the 0.91-m and 1.83-264 
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m vines in 2005, when the 2.74-m and 3.66-m vines had not yet filled their allotted cordon space 265 

(Table 3). Thereafter, however, the fruitfulness of the 0.91-m vines was lower than that of the 266 

other vines, indicating that the former had fewer shoots per unit cordon length (i.e., lower 267 

budbreak) and/or fewer clusters per shoot (i.e., lower bud fruitfulness). In 2009 and 2010, 268 

moreover, the 0.91-m vines lost some of their clusters and portions of individual clusters to bunch-269 

stem necrosis (BSN) prior to harvest. 270 

Despite their low cluster number, the 0.91-m vines generally also had smaller clusters 271 

with fewer berries than the vines planted to the higher within-row distances (Table 2). While 272 

there was no consistent effect of planting distance on inflorescence size (i.e., flowers per 273 

inflorescence), the most narrowly spaced vines had bigger flowers, yet lower fruit set, compared 274 

with the more widely spaced vines (Table 3). The percentage fruit set tended to decrease as the 275 

number of flowers per inflorescence increased (r = -0.52, p < 0.001, n = 394). Because the 276 

average inflorescence size decreased (p < 0.001) in the order basal cluster (201 flowers), middle 277 

cluster (162 flowers), distal cluster (98 flowers), fruit set increased in that sequence (22%, 28%, 278 

34% from basal to apical, p < 0.001). There was a trend for bigger flowers to become bigger 279 

berries, as the flower cap weight (average per cluster) and berry weight were positively 280 

correlated (r = 0.45, p < 0.001). Nevertheless, the planting density did not consistently 281 

influence berry weight at harvest (Table 2), indicating that other factors were masking the 282 

influence of flower size.  283 

Though TSS and TA were not correlated within years, TA tended to be high in years 284 

with low TSS and vice versa (Tables 4 and 5). Each year, juice color due to anthocyanins 285 
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increased markedly as TSS increased (0.60 < r < 0.84, p < 0.01). This relationship held irrespective 286 

of planting distance, indicating that more intense red color was associated with overall riper fruit. 287 

Despite a more than 10-fold range in crop yield among vines, however, TSS was not (-0.35 < r < 288 

0.16, p ≥ 0.1), and red color intensity inconsistently (-0.53 < r < 0.43, p ≥ 0.01), correlated with 289 

yield per vine in any year. Although in most years higher yields were associated with lower juice 290 

K+ concentrations (-0.64 < r < -0.32, p ≥ 0.001), this apparent “yield effect” was clearly driven by 291 

the high-K+ juice from the low-yielding 0.91-m vines. When these vines were excluded from the 292 

analysis, all correlations became insignificant (-0.22 < r < 0.29, p ≥ 0.23).  293 

The planting distance did not influence juice composition in 2005, and juice TSS and color 294 

intensity, though variable among years, remained unaffected by planting distance throughout the 295 

experiment (Table 4). Between-row spacing also did not influence TA and pH in any year. In 2006, 296 

however, the juice from 0.91-m vines had both a higher TA and a higher pH than the juice from 297 

the other vines (Table 5). We therefore measured juice K+ in the remaining years to test whether 298 

the high pH was related to high K+ concentration. Indeed, both the pH and K+ concentration in the 299 

juice were consistently higher in the vines planted at 0.91 m than in those planted to any other 300 

within-row distance (Table 5). Moreover, the pH correlated with K+ both across years (r = 0.63, p 301 

< 0.001) and within each year, and the 0.91-m vines always clustered near the top of this 302 

relationship (Figure 6). In two of those 4 years, the TA was somewhat correlated with K+ (r ≤ 0.57, 303 

p < 0.05), but in the other 2 years there was no such correlation. Across all years, there was only a 304 

very weak correlation between juice pH and TA (r = -0.29, p < 0.001), but this correlation became 305 

stronger (r = -0.63, p < 0.001) when the 0.91-m vines were excluded from the analysis. Moreover, 306 

the year with the lowest TA (2005) was also the year with the highest pH, and the year with the 307 
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highest TA (2008) was the year with the lowest pH (Table 5). While K+ was not measured in 2005, 308 

the K+/pH relationship in 2008 differed from that in the other years (Figure 6). Therefore, 309 

differences in juice pH at harvest between growing seasons were mostly driven by differences in 310 

TA but modulated by K+, whereas pH differences at harvest within seasons were mostly driven by 311 

differences in K+ concentration.  312 

Over the 41-d period from 80% veraison to harvest in 2009 the berry weight increased 30% 313 

(2.23 to 2.89 g), juice TSS increased from 9.2 to 14.8 Brix (108% increase in the amount of sugar 314 

per berry), TA declined 46% (23.2 to 12.6 g/L), the pH increased from 2.99 to 3.37, red color 315 

intensity increased from 0.43 to 0.78, while K+ increased only from 1.2 g to 1.4 g/L (54% increase 316 

in the amount of K+ per berry; p < 0.001). The positive correlation between K+ concentration and 317 

pH across the two sampling dates (r = 0.81, p < 0.001, n = 36) was even stronger than the negative 318 

correlation between TA and pH (r = -0.76, p < 0.001). A multiple linear regression showed that 319 

the variation in TA and K+ together accounted for 89% of the variation in juice pH. However, 320 

whereas the pH variation between sampling dates was almost equally due to variations in TA and 321 

K+, the pH variation within dates was almost entirely due to variation in K+. Much of this variation 322 

was associated with the planting density. Despite similar TSS and TA across within-row distances, 323 

the juice from 0.91-m vines had 27% and 23% more K+ at late veraison and harvest, respectively, 324 

than that from the other vines (p = 0.002). The corresponding juice pH was 3.15 and 3.51 in 0.91-325 

m vines at veraison and harvest, respectively, compared with 2.95 and 3.33 in the other vines (p < 326 

0.001). Thus, the differences in K+ concentration and pH due to vine spacing were already present 327 

at 80% veraison, coinciding with interior leaf senescence, and remained almost constant through 328 

harvest.  329 
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To explore whether the reduction in crop yield and fruit quality at the narrow within-row 330 

spacing was related to a change in canopy density, we measured canopy dimensions and light 331 

penetration into the fruiting zone in the last 3 years of this study. The average shoot length (hence 332 

the effective canopy height) was 31% greater, and the canopy width was 29% greater, at 0.91 m 333 

vine spacing than at the other three planting distances (Table 6). Though both the external canopy 334 

surface area and the canopy volume per vine increased as the vine spacing increased, the difference 335 

in canopy volume between the 0.91-m and 1.83-m vines was not significant. Because of their 336 

greater height and width compared with the other vines, the 0.91-m vines had a 30% larger canopy 337 

surface area and 68% greater canopy volume per unit row length, which resulted in a 23% lower 338 

surface-area:volume ratio. On average, only 2% (36 µmol/m2s) of ambient light reached the 339 

fruiting zone of the 0.91-m vines, compared with 11% (186 µmol/m2s) in the other vines. None of 340 

these measures of canopy size, density, and microclimate differed among the vines spaced at 1.83 341 

m, 2.74 m, and 3.66 m (Table 6). Compared with the strong effect of within-row spacing, the effect 342 

of between-row spacing was minor and inconsistent among years (Table 6). The canopy volume 343 

correlated closely with the canopy width (r = 0.94, p < 0.001, n = 144), and as the width of the 344 

canopy increased from year to year in these machine-pruned vines, so did its volume, decreasing 345 

the amount of light in the fruiting zone. Consequently, fruit-zone light was inversely correlated 346 

with canopy volume each year, but the correlation coefficient decreased over time as the overall 347 

size of the canopy increased (Figure 7).  348 

Noticing many dead leaves inside the dense canopy at veraison, we decided in 2009 to 349 

sample both live exterior and dead interior leaves for nutrient analysis. The blades of interior leaves 350 

weighed (DW) only about one-third of the exterior leaves, were devoid of chlorophyll, and had 351 
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significantly reduced amounts of carbon and mineral nutrients on a per leaf basis (Table 7). Apart 352 

from the complete loss of chlorophyll, the reduction was greatest (~85%) for nitrogen, phosphorus, 353 

and sulfur, somewhat less (~65%) for carbon, calcium, and manganese, lower still (40-55%) for 354 

magnesium, copper, and boron, and least (20-27%) for zinc, potassium, and iron. This indicates 355 

that both organic and inorganic nutrients had been recycled to differing degrees from the interior 356 

leaves before they were abscised.  357 

Discussion 358 

The present study demonstrated that a 4.5-fold variation in planting density (997‒4485 359 

vines/ha) of Concord juice grapes has a minor effect on the initial return on investment associated 360 

with vineyard establishment but has long-term effects on vine performance in a highly 361 

mechanized, drip-irrigated vineyard. Vines planted at 0.91 m within rows and trained to a single-362 

wire trellis did not fill the cordon more quickly than vines planted at the “standard” spacing of 363 

1.83 m, but vines planted 2.74 m and 3.66 m apart did take an extra year to reach their full cropping 364 

potential. Beginning in their second cropping year, however, there were no differences in vineyard 365 

yield and fruit composition among the three higher planting distances, while the vines planted at 366 

0.91 m consistently produced less fruit of lower quality. Contrary to our initial hypothesis, 367 

therefore, high planting density restricted the vines’ cropping potential and reduced overall fruit 368 

quality. Decreasing the row width from the “standard” 2.74 m to 2.44 m between rows had only 369 

minor effects on vineyard yield and none on fruit composition. The data presented here indicate 370 

that machine-pruned vines adapt to an increase in planting distance by filling their allotted space 371 

both above-ground and below-ground, thus minimizing differences in yield per unit land surface 372 
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area. We also found no evidence of biennial bearing, even at the greatest planting distance (3.66 373 

m within rows × 2.74 m between rows, resulting in only 997 vines/ha), confirming earlier results 374 

obtained with large, machine-pruned Concord vines in eastern Washington (Keller et al. 2004). 375 

Nevertheless, given that the observations reported here were made during the first eight growing 376 

seasons, it remains to be seen whether the high yield potential of the widely spaced vines can be 377 

sustained over several decades.  378 

Even when planted 3.66 m apart, the vigorous, drip-irrigated Concord vines in this 379 

experiment filled the entire length of available cordon within 4 to 5 years after planting, which 380 

contrasts with low-vigor, furrow-irrigated Muscat of Alexandria vines in an Australian experiment 381 

(Turkington et al. 1980). The trunk diameter measured in the last year of this field trial (year 8 382 

after planting) increased as the within-row planting distance increased, which is consistent with 383 

results presented for V. vinifera wine grapes (Winkler 1959, 1969, Archer and Strauss 1991). We 384 

contend that this relationship between trunk diameter and vine spacing should not be interpreted 385 

as suggesting that high planting density led to competition among vines for soil resources. Instead, 386 

the less-densely-spaced vines probably adapted by increasing their root and water-transport 387 

systems to match the greater water demand of their larger canopy. Hydraulic adaptation to 388 

increasing canopy size was previously demonstrated in wine grapes whose bud number was varied 389 

while keeping the planting density constant (Keller et al. 2015a). The same study also concluded 390 

that hydraulic adaptation is limited, which contributes to the typical decrease in shoot vigor as the 391 

shoot number per vine increases.  392 

Despite their thin trunks, the vines planted 0.91 m apart compensated for their lower bud 393 

and shoot numbers by growing more vigorously: by veraison their shoots were typically 40 to 50 394 
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cm longer than the shoots of all other vines, irrespective of row distance. The shoots of 0.91-m 395 

vines continued growing throughout the season, producing many vigorous lateral shoots. Their 396 

vigorous growth made the canopy of the high-density vines ~30 cm wider than that at the lower 397 

planting densities. The densely planted vines seemed to compete for sunlight and likely activated 398 

their shade-avoidance response. Continued leaf formation is typical for grapevines growing under 399 

limiting light conditions (Keller and Koblet 1995a, Keller 2020). Consequently, the high-density 400 

vines had a larger canopy surface area and greater canopy volume per unit row length compared 401 

with the lower-density vines. Light measurements conducted at veraison showed that the light 402 

within the fruit zone decreased as the canopy volume increased, indicating that larger, more 403 

vigorous canopies were also denser. On average, ~2% (36 µmol/m2s) of the ambient light reached 404 

the fruit zone of 0.91-m vines, whereas the fruit zone of the remaining vines received 11% (186 405 

µmol/m2s) of ambient light, although this difference seemed to decline over the last three years of 406 

the trial. Row spacing, however, had only minor effects on canopy dimensions and on light 407 

penetration into the fruit zone. Overall, the mechanical pruning strategy maintained the vines’ 408 

canopy size at a high and remarkably stable level, and the large canopy size of the 0.91-m vines 409 

impeded tractor traffic in the 2.44-m rows.  410 

Because our widely spaced vines produced similar numbers of clusters per unit row length 411 

as did the vines planted at the standard within-row spacing of 1.83 m, we did not observe a decrease 412 

in crop yield per unit cordon length or land surface area as the vine spacing increased. Unlike in 413 

earlier research with V. vinifera and interspecific wine and juice grapes, including Concord 414 

(Shaulis and Kimball 1955, Intrieri 1987, Reynolds and Wardle 1994), but similar to another 415 

Concord study (Shaulis 1982), the highest planting density in our study compromised the crop 416 
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yield per unit land surface area. This reduction in yield potential was likely an effect of the poor 417 

canopy microclimate caused by high shoot density and vigor (Hedberg and Raison 1982, Shaulis 418 

1982, Smart et al. 1982a,b, Gladstone and Dokoozlian 2003). The vigorous shoot growth and low 419 

light inside the dense canopy of the 0.91-m vines was associated with reduced cluster initiation 420 

and fruit set, which resulted in fewer clusters/vine, fewer berries/cluster, and lower cluster weights. 421 

Bunch-stem necrosis, which was observed in the 0.91-m vines in 2009 and 2010, also might be 422 

attributed to carbon starvation due to lack of light and competition from growing shoots (Keller 423 

and Koblet 1995b, Keller et al. 2001). The additive effects of these yield components led to a 424 

significant loss in crop yield once the vines were fully established. Thus the yield potential of the 425 

high-density vines was compromised by their vigorous growth, high canopy density, and poor 426 

microclimate. These vines clearly did not compete for soil water and mineral nutrients; instead, 427 

they competed for access to sunlight. Whereas in the first cropping season (year 3 after planting) 428 

the vines planted at 0.91 m and 1.83 m produced twice the amount of fruit (11.8 t/ha) than the 429 

vines planted at 2.74 m and 3.66 m (5.6 t/ha), on average over the 5 subsequent years the 0.91-m 430 

vines had 38% less fruit per unit land surface area (18.2 t/ha) compared with the other planting 431 

distances (29.2 t/ha). This difference amounted to a cumulative crop loss of 50.2 t/ha over the 6 432 

study years which, at a hypothetical average juice grape price of $200/t, would translate into an 433 

annual loss in farm income of $1673/ha.  434 

Compared with the pronounced effect of within-row spacing, the influence on yield of row 435 

spacing was minor: during the last 4 years of this study, when the vines were fully productive, 436 

planting vines to 2.44 m rather than 2.74 m between rows returned an extra crop of 2 t/ha per year, 437 
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which would add $400/ha to a grower’s annual revenue. These simple estimates do not take into 438 

account the costs of planting material, hardware, and labor for vineyard establishment and vine 439 

training, which would tend to decrease with decreasing planting density. Moreover, after vines are 440 

transitioned to machine pruning, annual production costs would be virtually independent of within-441 

row spacing but would remain inversely proportional to between-row spacing. Although the 442 

planting density with the highest cumulative vineyard yield over the first six cropping seasons was 443 

2.44 m between rows and 1.83 m within rows, the large canopy size of these mechanically pruned 444 

juice grapes rendered the narrower row spacing somewhat challenging for tractor traffic.  445 

The high K and pH in the juice from 0.91-m vines at both 80% veraison and harvest is 446 

consistent with the numerous dead leaves in the dense canopy at veraison, the low nutrient content 447 

of those leaves, and the vigorous shoots of these vines. Excessively high canopy density, it seems, 448 

leads to a vicious cycle whereby vines shed their interior source leaves and recycle their nutrients 449 

to sinks such as berries and shoot tips. The latter continue to grow in search of more light at the 450 

expense of crop production and fruit quality (Keller and Koblet 1995a). Moreover, the very high 451 

sink strength of grapes undergoing veraison (Keller et al. 2015b) can be problematic when leaves 452 

are dying at the same time. The correlation between juice K and pH each year supports the idea 453 

that the high K concentrations in fruit from the low-yielding 0.91-m vines led to an increase in 454 

juice pH. These results combined with the marked differences in canopy density and canopy light 455 

attenuation between 0.91-m vines and the vines spaced 1.83, 2.74, and 3.66 m apart suggest that 456 

high fruit K, and hence high pH, result from low light in the canopy interior (Smart et al. 1985). 457 

The K+ ions may have substituted for protons in the berry cell vacuoles, thus driving up the pH 458 

(Boulton 1980). In principle, K+ could also have formed salts with, and precipitated, juice organic 459 
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acids during sample preparation for chemical analysis, but we observed no signs of such 460 

precipitation. In any case, high K+ concentrations may lead to precipitation of K-tartrate during 461 

juice storage (Morris et al. 1983). 462 

However, the difference of ~4 mg K between exterior and interior leaves in 2009 was only 463 

marginally significant (p = 0.09) due to high variability among samples. If one accepts this change 464 

as realistic, and assuming a death rate of 25% for the ~1000 leaves on the 0.91-m vines (estimated 465 

from data in Keller et al. 2004), ~1 g K would have been available for export via the phloem from 466 

the senescing leaves. Because in 2009 the 0.91-m vines had ~3000 berries per plant, each berry 467 

could have received a dose of ~0.33 mg K. However, these vines had ~0.7 mg more K per berry 468 

than the more widely spaced vines. Consequently, nutrient remobilization from senescing leaves 469 

could have accounted for ~50% of the increase in berry K in the high-density vines. This 470 

conclusion must be viewed as tentative, and a more intense sampling campaign would be necessary 471 

to quantify the extent of K redistribution from senescing leaves. Moreover, while about 75% of 472 

the K remained in the dead leaves, greater amounts and/or proportions of carbon and mineral 473 

nutrients other than K (especially N, P, Ca, and S, but also Mg and some Mn, Cu, and B) were 474 

remobilized from the interior leaves. Among these, the phloem-mobile N, P, S, Mg, Cu, and B are 475 

known to accumulate in ripening grape berries (Rogiers et al. 2006, Keller 2020), but these 476 

nutrients were not measured in the berries in our study. Although their fate remains unknown, it 477 

seems likely that at least a portion of the recycled nutrients was partitioned to newly unfolding 478 

leaves at the canopy exterior to support continued shoot growth.  479 

  480 
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Conclusions 481 

The present study demonstrated that there is no benefit in terms of cropping potential and 482 

fruit quality when juice grapes are planted at high density in irrigated and highly mechanized 483 

vineyards. On the contrary, the high canopy density and poor light microclimate of closely spaced 484 

vines adversely impacted their yield potential and juice pH. Vines planted at high density (0.91 m 485 

within rows and 2.44 m or 2.74 m between rows) competed for access to sunlight rather than for 486 

soil water and nutrients. Their low yield was a consequence of reduced cluster initiation and fruit 487 

set, which resulted in fewer clusters/vine, fewer berries/cluster, and lower cluster weights. Their 488 

continued, vigorous shoot growth and high juice K and pH suggest that nutrients remobilized from 489 

dying leaves in the canopy interior were transported to the shoot tips and clusters. High-pH juice 490 

may require acid addition, which would increase the TA above that in juice derived from vines 491 

spaced further apart. Consequently, the high planting density compromised both yield and quality 492 

of the juice grapes grown in this study. Although the vines planted 0.91 m apart did fill the cordon 493 

more quickly than the more widely spaced vines, this advantage translated into a gain in yield only 494 

in the first cropping season. This early benefit, however, did not nearly balance the subsequent 495 

loss in vine productivity. Over the first 8 years after planting, vines spaced between 1.83 m and 496 

3.66 m within rows, and either 2.44 m or 2.74 m between rows, had similar crop yields per unit 497 

vineyard surface area and did not differ in terms of fruit quality. Based on the present results, juice 498 

grape growers may be ill advised to increase planting density or apply management strategies that 499 

maximize canopy development: the goal is to maximize the production of high-quality fruit rather 500 

than that of leaves. While it is important to develop and maintain a moderately vigorous canopy 501 



 
American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2021.21014 

AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal  
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes. 

 
 

24 
 

early in the growing season for optimum and sustained Concord productivity, overly vigorous, 502 

crowded canopies clearly are undesirable and may even be counterproductive. The present results 503 

suggest that vineyard designs (whether planting densities or trellis/training systems) and 504 

management practices that result in leaf death at veraison should be avoided to prevent undesirable 505 

increases in juice pH. Adequate planting distances coupled with mechanical pruning and judicious 506 

irrigation and plant nutrition strategies seem to meet the requirements of modern juice grape 507 

production.  508 
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Table 1  Summary of weather conditions and key phenological stages for the Washington State 
University Concord research vineyard in southeastern Washington. Data were obtained from an 
AgWeatherNet station located ~450 m from the vineyard. 

 2005 2006 2007 2008 2009 2010 Long-term 
Seasonal GDD (°C)a 1395 1426 1343 1325 1479 1296 1439 
Seasonal precipitation (mm) 27 39 47 45 64 143 95 
Annual precipitation (mm) 66 157 152 117 135 255 207 
Budbreak (DOY)b 109 107 107 125 110 103  
Bloom (DOY) 154 152 155 167 165 165  
Veraison (DOY) 238 236 229 241 240 240  
Harvest (DOY) 272 262 270 277 287 287  

aGrowing degree days (base 10°C) from 1 April to 31 Oct. 
bDOY = Day of year. 
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Table 2  Crop yield and its components over 6 years of mechanically-pruned Concord juice grapes 
in a vineyard in southeastern Washington planted in 2003 at four different within-row distances 
and two between-row distances.  

Year Planting distance (m) 
 Within rows Between rowsb 
 0.91 1.83 2.74 3.66 2.44 2.74 

Yield (kg/vine) 
2005 3.0 ± 0.4 ba 5.1 ± 0.8 ab 3.2 ± 0.8 b 6.4 ± 1.0 a 3.6 ± 0.5  5.2 ± 0.6  
2006 1.5 ± 0.2 d 8.3 ± 0.5 c 10.8 ± 1.0 b 15.8 ± 1.2 a 8.8 ± 1.0  9.5 ± 1.0  
2007 3.4 ± 0.3 d 13.2 ± 0.6 c 16.8 ± 1.1 b 25.1 ± 1.7 a 13.0 ± 1.2  16.3 ± 1.5  
2008 2.8 ± 0.3 d 15.1 ± 1.0 c 20.3 ± 0.8 b 26.5 ± 1.6 a 16.2 ± 1.5  16.2 ± 1.4  
2009 8.2 ± 0.7 d 21.5 ± 0.8 c 29. 8 ± 2.1 b 43.8 ± 2.4 a 24.4 ± 2.1  27.2 ± 2.3  
2010 5.1 ± 0.6 d 13.5 ± 0.9 c 20.1 ± 1.0 b 26.8 ± 1.3 a 16.2 ± 1.3  16.5 ± 1.4  

Clusters per vine 
2005 25 ± 3 b 42 ± 6 ab 25 ± 6 b 51 ± 8 a 36 ± 3  
2006 23 ± 3 c 107 ± 7 b 125 ± 12 b 185 ± 13 a 112 ± 8  
2007 34 ± 3 d 118 ± 6 c 151 ± 10 b 237 ± 18 a 135 ± 9  
2008 54 ± 5 d 214 ± 11 c 307 ± 22 b 366 ± 23 a 234 ± 15  
2009 91 + 8 d 224 + 10 c 275 + 18 b 428 ± 23 a 254 ± 15  
2010 79 ± 8 d 185 ± 12 c 288 ± 18 b 374 ± 19 a 231 ± 13  

Cluster weight (g) 
2005 116 ± 6  118 ± 7  111 ± 11  121 ± 7  117 ± 4  
2006 64 ± 4 b 82 ± 4 a 85 ± 5 a 83 ± 3 a 78 ± 2  
2007 97 ± 4 b 113 ± 3 a 112 ± 3 a 107 ± 3 a 107 ± 2  
2008 52 ± 2 b 72 ± 4 a 69 ± 3 a 72 ± 3 a 66 ± 2  
2009 91 ± 4 c 98 ± 2 bc 109 ± 4 a 103 ± 3 ab 100 ± 2  
2010 63 ± 3 b 74 ± 3 a 72 ± 2 a 73 ± 2 a 70 ± 1  

Berries per cluster 
2005 45 ± 3  45 ± 2  39 ± 5  44 ± 3  43 ± 2  
2006 26 ± 2 b 30 ± 1 ab 33 ± 2 a 33 ± 1 a 31 ± 1  
2007 35 ± 3  37 ± 1  39 ± 2  35 ± 2  37 ± 1  
2008 19 ± 2 b 29 ± 2 a 25 ± 2 a 28 ± 1 a 26 ± 1  
2009 32 ± 2  34 ± 1  36 ± 2  37 ± 2  35 ± 1  
2010 24 ± 2 b 29 ± 1 a 28 ± 1 a 28 ± 1 a 27 ± 1  

Berry weight (g) 
2005 2.6 ± 0.09  2.6 ± 0.12  2.9 ± 0.07  2.9 ± 0.10 2.7 ± 0.05  
2006 2.5 ± 0.06 b 2.8 ± 0.08 a 2.6 ± 0.05 ab 2.5 ± 0.04 b 2.6 ± 0.04  
2007 2.8 ± 0.13  3.1 ± 0.02  2.9 ± 0.09  3.1 ± 0.09  3.0 ± 0.05  
2008 2.7 ± 0.11  2.5 ± 0.13  2.8 ± 0.12  2.6 ± 0.09  2.6 ± 0.06  
2009 2.8 ± 0.15  2.9 ± 0.05  3.0 ± 0.07  2.8 ± 0.08  2.9 ± 0.05  
2010 2.6 ± 0.07  2.6 ± 0.04  2.5 ± 0.06  2.6 ± 0.06  2.6 ± 0.03  

aValues show means ± SE (n = 24). Different letters within rows indicate significant differences by 
Duncan’s new multiple range test (p < 0.05); absence of letters indicates no significant difference. 
bValues are listed for both row spacings only when the main effect is significant (p < 0.05). 
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Table 3  Vine fruitfulness (clusters per unit row length) over 6 years and flowering traits over 3 
years of mechanically-pruned Concord juice grapes in a vineyard in southeastern Washington 
planted in 2003 at four different within-row distances and two between-row distances (data were 
only collected for the 2.74 m row spacing).  

Year Within-row planting distance (m) 
 0.91 1.83 2.74 3.66 

Vine fruitfulness (clusters/m) 
2005 28 ± 3 aa 23 ± 3 a 9 ± 2 b 14 ± 2 b 
2006 25 ± 4 c 59 ± 4 a 46 ± 4 b 51 ± 4 ab 
2007 38 ± 3 b 65 ± 3 a 55 ± 4 a 65 ± 5 a 
2008 59 ± 5 b 117 ± 6 a 112 ± 8 a 100 ± 6 a 
2009 100 ± 8 b 122 ± 5 a 100 ± 6 ab 117 ± 6 ab 
2010 86 ± 9  101 ± 6  105 ± 6  102 ± 5  

Inflorescence size (flowers/cluster) 
2008 140 ± 11 ab 122 ± 8 b 151 ± 11 ab 168 ± 11 a 
2009 175 ± 12 ab 169 ± 10 b 186 ± 12 ab 203 ± 10 a 
2010 140 ± 10  122 ± 9  147 ± 9  134 ± 10  

Flower size (mg DW/cap) 
2008 0.46 ± 0.01 a 0.42 ± 0.01 b 0.41 ± 0.01 b 0.43 ± 0.01 b 
2009 0.42 ± 0.01 a 0.38 ± 0.01 b 0.39 ± 0.01 b 0.38 ± 0.01 b 
2010 0.35 ± 0.01 a 0.29 ± 0.01 b 0.28 ± 0.01 b 0.29 ± 0.01 b 

Fruit set (%) 
2008 25 ± 3 b 34 ± 2 a 33 ± 2 a 29 ± 2 ab 
2009 23 ± 2 b 26 ± 2 ab 29 ± 2 a 29 ± 1 a 
2010 24 ± 2  27 ± 2  27 ± 2  28 ± 2  

aValues show means ± SE (n ≥ 23). Different letters within rows indicate significant differences by 
Duncan’s new multiple range test (p < 0.05); absence of letters indicates no significant difference. 
 
 
Table 4  Total soluble solids (TSS) and color intensity over 6 years in juice from mechanically-
pruned Concord juice grapes in a vineyard in southeastern Washington planted in 2003. 

 
Year 

TSS 
(Brix) 

Color 
(A430+520) 

2005 20.2 ± 0.4 aa 0.80 ± 0.04 a 
2006 18.8 ± 0.2 b 0.69 ± 0.02 b 
2007 17.7 ± 0.2 c 0.80 ± 0.04 a 
2008 16.3 ± 0.2 d 0.55 ± 0.03 c 
2009 14.8 ± 0.3 e 0.78 ± 0.03 a 
2010 17.2 ± 0.1 c 0.79 ± 0.02 a 

aValues show means ± SE (n = 24). Different letters within columns indicate significant differences by 
Duncan’s new multiple range test (p < 0.05). Planting density effects are not significant. 
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Table 5  Titratable acidity, potassium (K+), and pH over 6 years in juice from mechanically-pruned 
Concord juice grapes in a vineyard in southeastern Washington planted in 2003 at four different 
within-row distances and two between-row distances.  

Year Planting distance (m) 
 Within rows Between rowsb 
 0.91 1.83 2.74 3.66 2.44 2.74 

Titratable acidity (g/L) 
2005 9.6 ± 0.4  9.3 ± 0.2  9.8 ± 0.2  9.5 ± 0.2  9.6 ± 0.1  
2006 12.6 ± 0.3 aa 11.8 ± 0.3 b 11.8 ± 0.1 b 11.8 ± 0.2 b 12.0 ± 0.1  
2007 11.0 ± 0.3  10.7 ± 0.3  10.4 ± 0.6  10.7 ± 0.4  10.7 ± 0.2  
2008 13.3 ± 0.4  12.9 ± 0.3  12.5 ± 0.5  12.7 ± 0.3  12.9 ± 0.2  
2009 13.5 ± 0.4 a 12.2 ± 0.1 b 12.2 ± 0.1 b 12.6 ± 0.1 b 12.6 ± 0.2  
2010 13.4 ± 0.7 a 11.3 + 0.2 b 11.5 + 0.4 b 12.0 + 0.5 ab 12.0 ± 0.3  

K+ (g/L) 
2005 Not determined 
2006 Not determined 
2007 2.33 ± 0.16 a 1.44 ± 0.12 b 1.53 ± 0.15 b 1.60 ± 0.22 b 1.73 ± 0.11  
2008 1.97 ± 0.06 a 1.64 ± 0.04 b 1.53 ± 0.09 b 1.64 ± 0.07 b 1.70 ± 0.05  
2009 1.65 ± 0.09 a 1.29 ± 0.07 b 1.33 ± 0.09 b 1.42 ± 0.06 ab 1.42 ± 0.05   
2010 1.79 ± 0.13 a 1.40 ± 0.03 b 1.34 ± 0.07 b 1.40 ± 0.10 b 1.49 ± 0.06  

pH 
2005 3.48 ± 0.03 ab 3.53 ± 0.02 ab 3.44 ± 0.04 b 3.55 ± 0.03 a 3.50 ± 0.02  
2006 3.43 ± 0.01 a 3.33 ± 0.03 b 3.32 ± 0.03 b 3.35 ± 0.03 ab 3.35 ± 0.01  
2007 3.62 ± 0.01 a 3.36 ± 0.05 b 3.35 ± 0.05 b 3.38 ± 0.05 b 3.41 ± 0.03  
2008 3.48 ± 0.05 a 3.17 ± 0.05 b 3.13 ± 0.06 b 3.20 ± 0.07 b 3.23 ± 0.04  
2009 3.51 ± 0.04 a 3.31 ± 0.04 b 3.34 ± 0.05 b 3.33 ± 0.05 b 3.37 ± 0.03  
2010 3.46 ± 0.03 a 3.32 ± 0.03 b 3.29 ± 0.04 b 3.33 ± 0.04 b 3.35 ± 0.02  

aValues show means ± SE (n = 6). Different letters within rows indicate significant differences by 
Duncan’s new multiple range test (p < 0.05); absence of letters indicates no significant difference. 
bThe row spacing effect is not significant. 
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Table 6  Canopy dimensions and light in the fruit zone at veraison over 3 years of mechanically-
pruned Concord juice grapes in a vineyard in southeastern Washington planted in 2003 at four 
different within-row distances and two between-row distances. 

Year Planting distance (m) 
 Within rows Between rowsb 
 0.91 1.83 2.74 3.66 2.44 2.74 

Average shoot length (cm) 
2008 184 ± 8 aa 131 ± 4 b 131 ± 5 b 131 ± 8 b 144 ± 5  
2009 184 ± 6 a 147 ± 4 b 144 ± 5 b 146 ± 4 b 155 ± 3  
2010 178 ± 3 a 140 ± 4 b 135 ± 5 b 145 ± 4 b 149 ± 3  

Canopy width (cm) 
2008 125 ± 4 a 91 ± 4 b 90 ± 5 b 95 ± 6 b 100 ± 3  
2009 126 ± 5 a 97 ± 3 b 101 ± 3 b 96 ± 3 b 105 ± 2  
2010 130 ± 4 a 105 ± 3 b 105 ± 3 b 105 ± 4 b 111 ± 2  

External canopy surface area (m2/vine) 
2008 4.50 ± 0.18 d 6.45 ± 0.22 c 9.64 ± 0.39 b 13.08 ± 0.83 a 8.42 ± 0.53  
2009 4.51 ± 0.16 d 7.15 ± 0.18 c 10.64 ± 0.32 b 14.21 ± 0.39 a 9.13 ± 0.55  
2010 4.44 ± 0.09 d 7.05 ± 0.14 c 10.29 ± 0.33 b 14.43 ± 0.38 a 9.05 ± 0.56  

External canopy surface area per unit row length (m2/m) 
2008 4.92 ± 0.19 a 3.53 ± 0.12 b 3.52 ± 0.14 b 3.58 ± 0.23 b 3.70 ± 0.17  4.07 ± 0.17  
2009 4.93 ± 0.17 a 3.91 ± 0.10 b 3.88 ± 0.12 b 3.89 ± 0.11 b 4.17 ± 0.11  4.14 ± 0.14  
2010 4.86 ± 0.10 a 3.85 ± 0.07 b 3.75 ± 0.12 b 3.95 ± 0.10 b 4.04 ± 0.11  4.17 ± 0.12  

Canopy volume (m3/vine) 
2008 2.12 ± 0.14 c 2.21 ± 0.16 c 3.29 ± 0.30 b 4.76 ± 0.54 a 3.10 ± 0.22  
2009 2.14 ± 0.14 c 2.62 ± 0.13 c 3.99 ± 0.22 b 5.17 ± 0.30 a 3.48 ± 0.20  
2010 2.12 ± 0.09 c 2.69 ± 0.09 c 3.91 ± 0.22 b 5.61 ± 0.31 a 3.58 ± 0.22  

Canopy volume per unit row length (m3/m) 
2008 2.32 ± 0.16 a 1.21 ± 0.09 b 1.20 ± 0.11 b 1.30 ± 0.15 b 1.38 ± 0.13  1.63 ± 0.13  
2009 2.34 ± 0.15 a 1.44 ± 0.07 b 1.46 ± 0.08 b 1.41 ± 0.08 b 1.66 ± 0.10  1.66 ± 0.12  
2010 2.32 ± 0.10 a 1.47 ± 0.05 b 1.43 ± 0.08 b 1.53 ± 0.09 b 1.63 ± 0.09  1.75 ± 0.10  

Canopy surface area:volume ratio (m2/m3) 
2008 2.19 ± 0.10 b 3.01 ± 0.13 a 3.07 ± 0.14 a 3.09 ± 0.32 a 3.02 ± 0.19  2.66 ± 0.09  
2009 2.17 ± 0.09 b 2.77 ± 0.07 a 2.70 ± 0.07 a 2.80 ± 0.08 a 2.60 ± 0.07  2.62 ± 0.08  
2010 2.12 ± 0.05 b 2.64 ± 0.05 a 2.68 ± 0.08 a 2.62 ± 0.08 a 2.55 ± 0.07  2.47 ± 0.07  

Fruit zone light (% ambient) 
2008 3.9 ± 1.2 b 18.2 ± 3.5 a 23.8 ± 3.4 a 13.7 ± 3.0 a 18.7 ± 2.8  13.1 ± 2.1  
2009 1.9 ± 0.6 b 9.4 ± 1.9 a 9.1 ± 2.4 a 11.0 ± 2.2 a 8.0 ± 1.4  7.7 ± 1.6  
2010 0.7 ± 0.2 b 3.4 ± 0.9 ab 3.7 ± 0.7 ab 6.0 ± 1.9 a 4.1 ± 1.0  2.7 ± 0.6  

aValues show means ± SE (n = 12). Different letters within rows indicate significant differences 
by Duncan’s new multiple range test (p < 0.05); absence of letters indicates no significant 
difference. 
bValues are listed for both row spacings only when the main effect is significant (p < 0.05). 
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Table 7  Dry weight (DW), chlorophyll (Chl), carbon (C), and mineral nutrients at veraison, 2009, 
in leaves on the exterior and interior of the canopy of mechanically-pruned Concord juice grapes 
in a vineyard in southeastern Washington planted in 2003. 

Leaf position Exterior Interior Change (%)b p 
DW (g) 2.74 ± 0.14a 0.95 ± 0.06 -65 <0.001 
Chl (SPAD) 53 ± 1 0 ± 0 -100 <0.001 
C (g) 1.27 ± 0.07 0.41 ± 0.02 -68 <0.001 
N (mg) 55.4 ± 5.4 8.0 ± 0.7 -86 <0.001 
P (mg) 5.01 ± 0.28 0.87 ± 0.06 -83 <0.001 
K (mg) 15.0 ± 1.7 11.3 ± 1.2 -25 0.09 
Ca (mg) 62.5 ± 2.8 22.5 ± 1.7 -64 <0.001 
Mg (mg) 9.76 ± 0.51 4.44 ± 0.37 -55 <0.001 
S (mg) 5.12 ± 0.30 0.84 ± 0.09 -84 <0.001 
Fe (µg) 556.1 ± 47.2 443.7 ± 28.7 -20 0.06 
Mn (µg) 498.2 ± 72.5 183.4 ± 41.7 -63 0.001 
B (µg) 62.9 ± 2.7 38.7 ± 2.9 -39 <0.001 
Zn (µg) 33.8 ± 3.0 24.7 ± 2.0 -27 0.02 
Cu (µg) 20.3 ± 1.3 10.8 ± 1.0 -47 <0.001 

aAll values refer to mean content (i.e., amount per leaf) ± SE (n = 12). 
bPercentage change from exterior to interior leaves. 
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Figure 1  Crop yield over 6 years of mechanically-pruned Concord juice grapes in a vineyard in 
southeastern Washington planted in 2003 at four different within-row distances and two between-
row distances (2.44 m and 2.74 m; data pooled for lack of significant differences). Bars show 
means ± SE (n = 24). Different letters above bars indicate significant differences within years by 
Duncan’s new multiple range test (p < 0.05).  
 
 
 

 
Figure 2  Association over 6 years between crop yields of the current year and the previous year 
of mechanically-pruned Concord juice grapes in a vineyard in southeastern Washington planted in 
2003. All correlations are significant at p < 0.001 (n = 96). 

2005 2006 2007 2008 2009 2010

Year

0
5

10
15
20
25
30
35
40
45
50
55

Y
ie

ld
 (t

/h
a)

Within-row  spacing
 0.91 m
 1.83 m
 2.74 m
 3.66 m

a

b

b

b

b
b

bb

aaaaa
a

a
a

a

a
a

a

aaa

a

0 10 20 30 40 50 60 70 80

Prior-year yield (kg/vine)

0

10

20

30

40

50

60

70

80

C
ur

re
nt

-y
ea

r y
ie

ld
 (k

g/
vi

ne
)

 2005/06 (r = 0.53)
 2006/07 (r = 0.81)
 2007/08 (r = 0.78)
 2008/09 (r = 0.78)
 2009/10 (r = 0.75)



 
American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2021.21014 

AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal  
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes. 

 
 

35 
 

 
Figure 3  Association between canopy volume and crop yield (A), and between external canopy 
surface area and crop yield (B) of mechanically-pruned Concord juice grapes in a vineyard in 
southeastern Washington planted in 2003 at four different within-row distances and two between-
row distances (2.44 m and 2.74 m). Between-row data are pooled for lack of significant 
differences, and data across years (2008‒2010) are pooled (n = 144). 
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Figure 4  Association between trunk diameter and crop yield (A) and canopy volume (B) of 8-
year-old mechanically-pruned Concord juice grapes in a vineyard in southeastern Washington 
planted in 2003 at four different within-row distances and two between-row distances. Between-
row data are pooled for lack of significant differences (A: n = 96; B: n = 48). 
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Figure 5  Association over 6 years between crop yields and vineyard surface area available to each 
vine of mechanically-pruned Concord juice grapes in a vineyard in southeastern Washington 
planted in 2003 at four different within-row distances and two between-row distances resulting in 
eight planting densities corresponding to, from left to right, 4485, 3987, 2242, 1993, 1495, 1329, 
1121, and 997 vines/ha. Note: the x-axis is not to scale; correlation coefficients (r) are calculated 
for the raw data (n = 48), not the means; p = 0.01 in 2005, all other p < 0.001. 
 
 
 

 
 
Figure 6  Association over 4 years between pH and K+ concentration in juice from mechanically-
pruned Concord juice grapes in a vineyard in southeastern Washington planted in 2003 at four 
different within-row distances (filled symbols represent vines planted at 0.91 m, open symbols 
represent vines planted at 1.83 m, 2.74 m, and 3.66 m) and two between-row distances (2.44 m 
and 2.74 m; data pooled for lack of significant differences).  
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Figure 7  Association over 3 years between canopy volume per unit row length and light 
penetration into the fruit zone of mechanically-pruned Concord juice grapes in a vineyard in 
southeastern Washington planted in 2003 at four different within-row distances (filled symbols 
represent vines planted at 0.91 m, open symbols represent vines planted at 1.83 m, 2.74 m, and 
3.66 m) and two between-row distances (2.44 m and 2.74 m; data pooled for lack of significant 
differences).  
 


