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    Abstract

Weeds reduce vineyard productivity by competing with grapevines for water and nutrients. To manage weeds, growers commonly apply herbicides and/or cultivate, which compromise soil quality. With the expansion of continental-climate viticulture, such as in the Midwest, there is a need for sustainable weed management strategies that maintain grapevine productivity, fruit quality, and soil quality. Our objective was to evaluate four weed management strategies in a Midwestern vineyard. Data were collected from an established vineyard in Iowa planted with Maréchal Foch grapevines (an interspecific hybrid). Treatments were established in a randomized complete block design. Treatments were replicated four times and included: (1) cultivation, (2) herbicide application, (3) straw mulch, and (4) a living mulch of creeping red fescue (Festuca rubra L. Pennlawn). Weed control, grapevine productivity, fruit quality, and soil quality were measured from 2004 to 2010. Straw and living mulches provided greater weed control than cultivation and herbicides. Grapevine yield was unaffected by the treatments, although pruning weights were reduced in cultivated and living mulch plots. Excluding titratable acidity and pH, no differences in fruit quality were detected. Straw mulch plots tended to have more phosphorus and potassium in analyzed soil samples. Water-filled pore space and water content were also higher in plots mulched with straw. Both types of mulched plots had higher organic matter, total organic carbon, and stable aggregate content. Biological activity, measured as soil enzymatic activity and earthworm counts, was enhanced in mulched plots. Our results demonstrate that straw and living mulch reduce weed populations, maintain grapevine productivity, improve several indicators of soil quality, and are viable weed management strategies for continental-climate viticulture.

	vineyard floor management
	living mulch
	cover crops
	sustainable viticulture
	continental-climate viticulture
	fluorescein diacetate (FDA)

The historically important Midwestern grape and wine industry has recently expanded. Iowa was the sixth largest grape producer in the United States in 1919 (White and Dharmadhikari 2008). Prohibition, the introduction of phenoxy herbicides, subsidies for agronomic crops, and the Armistice Day freeze of 1940 contributed to declines in grape production. Since the 1990s, production has expanded due to increased interest in local and diversified agricultural systems. Production has also increased in adjacent Midwestern states, confirming that continental-climate viticulture in colder regions is expanding into small vineyard and winery enterprises (Gartner and Tuck 2008, Shoemaker and Campbell 2007, Tuck and Gartner 2014). As the grape industry reemerges, it is important to encourage sustainable land management practices that are environmentally sound, economically viable, and socially responsible (Ingles 1992). This includes implementing weed management practices that control weeds, promote grapevine productivity and fruit quality, and maintain soil quality.
Weeds compromise crop productivity through competition for resources including water, nutrients, and light. Weeds can also harbor and vector plant pests and pathogens (Wisler and Norris 2005). Unabated weeds threaten grapevine performance and productivity, particularly in organic vineyards where herbicide use is restricted (Delate and Friedrich 2004). Conventional weed management for continental-climate viticulture entails pre- and post-emergent herbicide applications and/or mechanical cultivation within vineyard rows, while permanent vegetative groundcovers are maintained between rows. The short-term efficacy of these techniques has enabled growers to cultivate grapes. However, questions regarding the long-term impacts of these practices on grapevine productivity and soil quality remain unanswered.
Soil quality is defined as “the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and to support human health and habitation” (Karlen et al. 1997). Evaluations of soil quality emphasize consideration of chemical, physical, and biological properties of soil (USDA 1999). Conventional practices such as maintaining bare soil through continual cultivation and/or herbicide use lessen soil quality due to reduced organic matter and erosion. Cultivation and/or herbicide applications reduce vegetative groundcover and subsequent organic-matter input. Erosion and loss of soil structure are thereby exacerbated, while nutrient- and water-holding capacity, infiltration, and biological activity are reduced (Glover et al. 2000, Merwin et al. 1994, Smith et al. 2008). Excessive use and/or mismanagement of agrichemicals such as herbicides may also lead to accidental exposure of applicators and field workers, residuals and runoff, decreases in nontarget and/or beneficial organism populations, and evolved resistance in target organism populations (Pimentel et al. 1992).
Living mulches are vegetative groundcovers maintained as companion crops within or between vineyard rows. Benefits of living mulches include reduced weed populations, soil erosion, and agrichemical runoff (Hartwig and Ammon 2002). Consequently, soil organic matter content, soil structure, soil fertility, and crop productivity are improved. Despite the capability of living mulches to improve soil quality, information on their potential competitive effects on the growth and development of grapevines and on fruit quality is conflicting. Reduced pruning weights and petiole nitrogen were found in California grapevines intercropped with native grasses, but no yield differences were detected (Ingels et al. 2005). Elsewhere in California, yield reductions exceeding 40% have been reported when grapevines were intercropped with native plant species (Sanguankeo et al. 2009). Plantings of grasses and legumes in Portugal had no effect on yield, reduced grapevine vegetative growth, and improved fruit quality, as measured by increased phenols and anthocyanins (Monteiro and Lopes 2007). The effects of mulches on grapevine growth and performance depend on climate and seasonality, which justifies research on their effects in continental-climate viticulture, such as in the Midwest, where data is currently lacking. Our objective was to evaluate the effects of four weed management strategies on weed control, grapevine growth and development, and soil quality in an established Iowa vineyard subject to a continental climate. Few integrated studies on vineyard weed management and soil quality have been conducted within grapegrowing regions subject to continental climates and with rainfed agriculture, such as in the Midwest. Compared to other grapegrowing regions of the world, the climate and soils of the Midwest present a unique set of vineyard management challenges in need of optimization. The long-term sustainability of these revitalized industries largely depends on implementing weed control strategies that maintain both grapevine performance and soil quality within these unique grapegrowing regions.

Materials and Methods


Vineyard site.

The experiment was conducted from 2004 to 2010 in a vineyard established in 1985 at the Iowa State University Horticulture Research Station near Ames, IA (lat: 42°06′29″N; long: 93°35′09″W). Statewide climate is continental with four distinct seasons including cold winters and hot, humid summers. Temperature and precipitation data for the station were retrieved from the Iowa Environmental Mesonet website (http://mesonet.agron.iastate.edu/) and are summarized in Table 1. Flooding of the vineyard occurred in 2008. Grapevines were submerged in 2.5 to 13 cm water for 10 days. No immediate damage to the grapevines was observed as a result of flooding. The soil is a Clarion loam on a 2 to 9% slope. Clarion loams are formed from superglacial till. These soils are characterized as fine-loamy, mixed, superactive, mesic Typic Hapludolls with moderately good drainage and a high available water-holding capacity (USDA 1984). The vineyard site was not tile-drained. Rows were positioned in a north-south orientation. All vines were trained to a six-cane Kniffen and spaced 1.8 m within the row and 2.7 m between rows. From 1985 to 2003, herbicide applications were used to control weeds within a 0.9-m-wide area underneath the vineyard row, while a 1.8-m-wide strip of Kentucky bluegrass (Poa pratensis L.) and resident vegetation was maintained between rows. Fertilizer and pesticide applications for weed, disease, and insect control followed extension recommendations (Dami et al. 2005, Bordelon et al. 2008).
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Table 1. 
Growing season precipitation and temperatures at the experimental site from 2004 to 2010. Averages from the past 100 years are also presented for comparison. Data were recorded 1 March to 31 October from Iowa Environmental Mesonet.






Experimental design.

The experimental design was a randomized complete block with four treatments replicated four times. Sixteen plots, each 7.3 × 0.9 m, were treated as experimental units. Observations were made on four grapevines per plot and averaged for each unit. Each plot received one of the following weed management treatments applied within a 0.9-m-wide area within the vineyard row: (1) mechanical cultivation, (2) postemergant herbicide application, (3) straw mulch, or (4) living mulch. Cultivation was performed during May, June, and July with a rear-tined hand tiller. Soils were tilled to a depth of ~5 cm. Postemergent herbicide applications followed recommendations provided by the Midwest Commercial Small Fruit and Grape Spray Guide (Bordelon et al. 2008). Glyphosate was applied on emerged weeds in herbicide treatment plots at a rate of 1.1 kg a.i./ha immediately following weed data collection, which occurred in May, July, and August as described below. A mulch of oat straw was initially applied in 2004 at a rate of 13.6 t/ha and to a depth of ~10 cm to suppress germination and growth of weed seeds. Mulch was reapplied on a spot-treatment basis in 2006, 2007, 2009, and 2010; mulch was not needed in 2005 and 2008 because it covered the ground sufficiently. A groundcover of shade-tolerant creeping red fescue (Festuca rubra L. Pennlawn) was seeded on 25 Sept 2003 at a rate of 19.5 g/m2 and served as the living mulch treatment. The fescue was overhead-irrigated until establishment and was not mowed or over-seeded throughout the experiment.



Grapevine sampling.

The interspecific hybrid cultivar Maréchal Foch was used in the experiment (cultivar registry at http://ngr.ucdavis.edu/varietylist.cfm). Grapevines were balance-pruned with a 30 + 10 bud adjustment. Weights of dormant canes were collected to measure grapevine size and growth. No cluster thinning was performed throughout the experiment. In August 2004, 2005, 2006, 2008, and 2009, 150 to 200 petioles were collected per plot and analyzed for nutrient content by A and L Great Lakes Laboratory, Inc., Fort Wayne, IN. Fruit harvest occurred in early September 2004 to 2010. Harvest dates were determined by monitoring berry soundness and measuring Brix, pH, and titratable acidity (TA) from a random berry sample collected throughout the vineyard plots. At harvest, yield data were collected and included fruit weights, cluster number per grapevine, and mean berry weight. Average cluster weights were calculated from these data. Samples of 50 to 100 berries were collected randomly from grapevine clusters within each experimental plot and frozen for subsequent fruit quality analyses. Fruit quality analyses were performed on thawed fruit and included measurements of Brix, pH, and TA (Amerine and Ough 1980).



Weed sampling.

Weed control was measured two to three times per year in May, July, and August 2004 to 2009. Weed data were not collected in 2007 or 2010. Weed control was measured via visual estimates of percentage weed cover and total monocot and dicot shoot biomass of removed weeds. Visual estimates were collected from three randomly placed 0.25 m2 quadrats per plot. All weeds within each quadrat were harvested, separated as a monocot or dicot, and processed for biomass determination. Processing entailed root removal and drying of shoots at 67ºC for 72 hr before biomass was determined. Weed management treatments of cultivation and herbicide applications were applied to their respective plots immediately following collection of monthly weed data. Glyphosate was applied on remaining emerged weeds within herbicide-treated plots.



Soil sampling.

Soil samples were collected in fall 2003 to 2009. Prior to treatment application, 10 randomized soil cores were collected and composited from each experimental unit. From 2004 to 2009, samples were collected and composited from 12 randomized soil cores (except in 2005 and 2006, when 14 cores per experimental unit were collected). Cores of 15.2 × 3.1 cm were divided into subsamples from depths of 0 to 7.6 cm or 7.6 to 15.2 cm. Within 24 hr after collection, soils were passed through an 8 mm sieve and allowed to air-dry at 22 ± 1ºC before being stored in a 3 ± 1ºC cooler for subsequent analyses.

Soil-quality analyses entailed measurements of chemical, physical, and biological properties. Chemical properties measured were pH, inorganic mineral nitrogen (NH3-N and NO3-N), Bray-1 phosphorus (P), percentage organic matter (OM), total organic carbon (C) and nitrogen (N), and cations of potassium (K), magnesium (Mg), and calcium (Ca). Soil pH was measured with a HANNA H19813 meter (HANNA Instruments, Woonsocket, RI) using a 1:1 dilution of deionized water and soil (USDA 1999). Inorganic mineral N was determined colorimetrically by the cadmium reduction method. Percentage organic matter and total C and N were determined by combustion analysis in an elemental analyzer (Haake Buchler Instruments, Paterson, NJ). Potassium, Mg, and Ca were assayed using a Mehlich-3 extraction.

Physical soil properties measured included bulk density, total porosity, water-filled pore space, gravimetric and volumetric water content, flooded/ponded initial infiltration rate, and stable aggregate content. Bulk density, porosity, water content, and infiltration measurements were collected in 2004, 2005, 2006, and 2009. With the exception of stable aggregate content, which was analyzed from previously collected soil samples, environmental conditions due to flooding did not permit collection of other physical soil quality data in 2008. Gravimetric water content was determined immediately after fall soil collection by oven-drying field-moist soil for 24 hr at 105ºC (USDA 1999). Total and water-filled pore spaces were calculated from measures of bulk density and water content. Infiltration rate was measured according to the USDA (1999) procedure. Percentage stable aggregate content was measured as described (Patton et al. 2001).

Potential soil enzymatic activity was quantified via fluorescein diacetate (FDA) hydrolysis in samples collected from 2007 to 2009 (Green et al. 2006). Esterases, lipases, and proteases produced by soil organisms hydrolyze FDA-containing substrates and produce fluorescein. Fluorescein was quantified at 490 nm with a Spectronic 20D+ spectrophotometer (Spectronic Analytical Instruments, Leeds, UK). Earthworm populations were measured as another biological indicator of soil quality in 2004, 2005, 2006, and 2009. Populations of horizontal-dwelling earthworms were enumerated by hand-sorting 25 cm3 of surface soil (Blair et al. 1996).



Data analysis.

Data were analyzed using a mixed model (PROC MIXED) procedure with Statistical Analysis System software (ver. 9.2, SAS Institute, Inc., Cary, NC). Blocks were treated as random effects. Repeated-measures analyses and a Kenward-Roger correction were used to examine covariance structure. Data were then fitted after the covariance structure was taken into account. A least-squares mean (lsmeans) option with a Tukey–Kramer adjustment for multiple comparisons was used for estimates and tests of significance (p < 0.05). Data are presented by year when analyses revealed a treatment by year interaction.



Results


Yield and fruit quality.

Yield, cluster number, and cluster weight were the same across all treatments over the seven years of the study (Table 2). Pruning weights were highest in straw mulch plots and lower in cultivated and living mulch plots. Significant year effects were detected for all measured yield and fruit quality variables, while a treatment by year interaction was found only for the fruit quality variable of pH. Analysis by year revealed that pH only differed in 2007 and was highest in the straw mulch plots (p = 0.05). Titratable acidity was the only fruit quality variable affected by the treatments across all years. Titratable acidity was highest in ripe fruit harvested from living mulch plots and lowest from straw mulch plots. Treatment effects on plant nutrient content were observed only for the percentages of N and K (p = 0.0208 and <0.0001, respectively; data not presented). Plant N from herbicide-treated plots across all years was 1.09% and was higher than the 0.98% in cultivated plots. Nitrogen concentrations in plants from straw and living mulch plots were similar to cultivated and herbicide-treated plots (1.08% and 1.00%, respectively). Potassium concentrations were greatest in straw mulch plots at 1.44% and lowest in cultivated plots at 0.76%. Herbicide-treated and living mulch plots were similar at 1.20% and 1.10%, respectively, but differed significantly from both cultivated and straw mulch plots.
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Table 2. 
Yield, growth, and fruit quality measures of Maréchal Foch grapevines receiving one of four weed management treatments from 2004 to 2010. Treatments were replicated four times across 16 plots. Observations were made on four grapevines per plot and averaged across years.






Weed cover and biomass.

The overall percentage weed cover was lowest in straw and living mulch plots and highest in cultivated plots (Figure 1). Weed cover in herbicide-treated plots was less than 50% at all sampling dates except in July 2005, 2006, and 2008. Significant treatment by year interactions were detected within the May dicot, July monocot, and August monocot biomass data sets (Table 3). Monocot biomass in living mulch plots was largest in August 2009 due to an infestation of brome (Bromus spp.) within one plot. Despite this, biomasses of monocot and dicot weeds were consistently low in mulched plots and were typically lower than in cultivated or herbicide-treated plots.
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Figure 1. 
Percentage weed cover estimated visually from rows of Maréchal Foch receiving four weed-management treatments in 2004 to 2009, excepting 2007. Treatments were replicated four times across 16 plots. Percentage weed cover was calculated from averages of three 0.25 m2 quadrats per plot. Treatment application, specifically cultivation and herbicide application, immediately followed monthly weed data collection. Percentages with the same letter are not different at p < 0.05 using a Tukey–Kramer adjustment.
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Table 3. 
Shoot biomass of monocot and dicot weeds collected from plots of Maréchal Foch that received one of four weed management treatments (2004 to 2009, excluding 2007). Treatments were replicated four times across 16 plots.






Soil quality.

Differences in chemical, physical, and biological indicators of soil quality were observed throughout the study. Analyses of chemical and physical indicators revealed strong treatment by year interactions (Tables 4, 5, and 6). An exception included percentage organic matter and total organic carbon at the 7.6 to 15.2 cm depth, in which no interactions were found (Table 5).
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Table 4. 
Chemical soil quality indicators from vineyard soils receiving one of four weed management treatments. Data were collected from 2003 through 2009 (excluding 2006). Treatments were replicated four times across 16 plots. Measurements were collected from 10 to 14 cores per plot, which were separated by depth (0 to 7.6 cm shown) and averaged for each experimental unit.
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Table 5. 
Chemical soil quality indicators from vineyard soils receiving one of four weed management treatments. Data were collected from 2003 through 2009 (excluding 2006). Treatments were replicated four times across 16 plots. Measurements were collected from 10 to 14 cores per plot, which were separated by depth (7.6 to 15.2 cm shown) and averaged for each experimental unit.
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Table 6. 
Physical indicators of soil quality from vineyard soils receiving four weed management treatments. Treatments were replicated four times in 16 plots. Measurements of physical soil quality indicators were collected from three samples per plot and averaged for each experimental unit.




No differences in chemical indicators of soil quality were noted in 2003, the year prior to treatment application (Table 4). No differences in pH, total organic N, Mg, and Ca were found during the study and these data are consequently not presented. Subsequent differences that were detected were more pronounced at 0 to 7.6 cm. Inorganic mineral NH3 was lowest in living mulch plots at both sample depths in 2005 (Tables 4 and 5), but was lowest in herbicide plots in 2009 at the 0 to 7.6 cm depth (Table 4). Inorganic mineral NO3 was highest in straw mulch plots and lowest in living mulch plots in 2004 at both sample depths (Tables 4 and 5). No other differences in NO3-N were found until 2009 at 0 to 7.6 cm, at which time both mulched plots had higher NO3-N than cultivated and herbicide-treated plots (Table 4). Potassium tended to be higher in straw mulch plots throughout the study, particularly in 2009 (Tables 4 and 5). Organic matter and total organic C were the same in both mulched plots in 2009 at 0 to 7.6 cm and were higher than cultivated and herbicide-treated plots (Table 4). Differences in OM and total organic C were not found at 7.6 to 15.2 cm across all years of the study (Table 5).

Bulk density and porosity were the same throughout all years of the study (data not presented). Water-filled pore space and gravimetric and volumetric water content were highest in straw-mulched plots (Table 6). Infiltration rates differed only in 2009, in which straw mulch plots had the shortest infiltration time. Stable aggregate content was the same for all treatments in 2004. Differences in stable aggregate content became noticeable in 2006 and were highest in both types of mulched plots. Mulched plots continued to have higher aggregate stability throughout the remaining years of the study.

Biological activity, measured by FDA hydrolysis, was greatest in living mulch plots at 0 to 7.6 cm (Table 7). Activity was also highest in living mulch plots at 7.6 to 15.2 cm and lowest in herbicide-treated and straw mulch plots. Strong year and treatment by year effects were detected in the earthworm data sets (p < 0.0001 and 0.0298, respectively). Earthworm populations measured in 2004 to 2006 were the same. Populations measured in 2009 were highest in straw mulch plots, which had a mean population of 24 earthworms per 25 cm3 of soil. Populations of earthworms were similar across the remaining treatments in 2009.
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Table 7. 
Fluorescein diacetate (FDA) hydrolysis as a biological indicator of soil quality for a vineyard receiving four weed management treatments. Treatments were replicated four times across 16 plots. Measurements were collected from 14 cores per plot, which were separated by depth and averaged for each experimental unit. Data were combined from 2007 through 2009.






Discussion

To our knowledge, this research is the first integrated study on weed management and soil quality for vineyards growing in rain-fed continental climates like the Midwest. Compared to cultivation and herbicide application, both straw and living mulches provided superior weed control and had negligible effects on grapevine growth and development. Based on these results, straw and living mulches of creeping red fescue are promising methods of weed control that have the added benefit of promoting better soil quality relative to the compared conventional weed management practices.

Mulches and cover crops are effective alternatives to conventional weed management practices and their use can enhance soil quality (Hartwig and Ammon 2002). However, previous studies suggested that living groundcovers may have undesirable consequences on grapevine growth and development due to plant competition. Grapevines grown in dry climates are particularly susceptible to water competition, which can reduce yield, vegetative growth, and berry size (Ingels et al. 2005, Monteiro and Lopes 2007, Sanguankeo et al. 2009, Tesic et al. 2007). In contrast, we found that competition imposed by living mulches had minimal effects on yield, growth, and berry size across a six-year period in the Midwest. Yield, cluster number, cluster weight, and berry size were unaffected by treatment (Table 2). Only grapevine growth differed, as indicated by reduced pruning weights in cultivated and living mulch plots. Reduced pruning weights in the cultivation treatment may have been due to root destruction from the tiller, which can reduce shoot growth, a potential drawback of cultivation-based weed management systems (Poni et al. 1992). Living cover crops of creeping red fescue also reduced grapevine growth in the humid environment of the eastern United States (Hatch et al. 2011). Such practices could be implemented positively to balance and regulate grapevine vigor.

The continental climate of the Midwest is cooler and receives greater precipitation than other grapegrowing regions of the world. Moreover, the last few years of the study were unusually wet, particularly 2008, in which the vineyard experienced flooding (Table 1). Sufficient moisture resulting from the weather and the inherent water-holding ability of the soils combined with fully established, deeply-rooted grapevines (that were 28 years old by the end of the study) mitigated any competition between the grapevines and living mulch. In our study, the gravimetric and volumetric water content in living mulch plots were higher than in cultivated and herbicide-treated plots (Table 6). Such soil water status indicates that the living mulch did not deplete the soil of water relative to the unmulched treatments at the time of measurement. As a result of these environmental factors, competition for water is likely to be minimal under the normal, drought-free conditions of continental climates. Shrestha et al. (2013) found similar results in a weed-control study in organic wine and raisin grape vineyards located in the San Joaquin Valley of California. Their study found that high weed populations had no impact on grapevine water stress, demonstrating that water competition imposed by groundcovers may be minimal depending on local conditions and management practices. Environmental factors influencing soil-water competition assist in explaining why little evidence of competition was observed in the living mulch treatment.

The overall lack of differences in plant nutrient content may also help explain why indications of competition in the living mulch treatment were largely absent. Foliar N and K were the only nutrients that differed by treatment. Nitrogen concentrations were still considered normal regardless of treatment, while K concentrations ranged from deficient to normal (Dami et al. 2005). Grapevines from the cultivation treatment were deficient in K, while those grown with herbicides or living mulches were considered below average. Only grapevines grown with straw mulch had sufficient K. Soil chemical analyses indicated K concentrations were greatest in soils collected from straw mulch plots in 2004, 2005, and 2009 (Tables 4 and 5). Such increases in soil K are not uncommon in mulched systems, where cations from organic matter leach into the soil profile (Merwin et al. 1995). The inorganic mineral NO3 concentration in straw mulch plots was also high in 2004 and 2009, which may be attributed to breakdown and release of nitrate when sampling was performed (Table 4). While other differences in chemical soil properties existed, results from plant nutrient tests and yield data support the inference that the chemical composition of mulched soils was sufficient to meet most of the mineral-nutrient requirements of the grapevines in the study (Tables 2, 4, and 5). Beneficial rhizosphere effects from the living mulch, such as enhanced water and nutrient uptake, also could have favored growth and development, mitigating any existing competition (Menge et al. 1983).

All fruit quality variables were within acceptable ranges. However, fruit from the living mulch treatment was less desirable due to high TA (Table 2). High concentrations of organic acids are common in cooler climates such as the Midwest (Winkler et al. 1974). Soil moisture, plant nutrition, and crop load can influence fruit quality indices such as TA. In addition, TA tends to be higher with greater soil moisture (Cline et al. 1985, Reynolds et al. 2007). While water-filled pore space and gravimetric water content in the living mulch treatment were higher than in the cultivated and herbicide-treated plots in 2009, it was less than those of straw mulch plots. Despite having greater soil moisture, TA was lowest in fruit harvested from straw mulch plots (Tables 2 and 6). Reduced TA in fruit from straw mulch plots may have been due to the presence of increased K. Both plant nutrient content and soil chemical analyses revealed straw mulch plots had greater K than all other treatments (Tables 4 and 5). Potassium can reduce acidity through precipitation of potassium acid tartrate (Mattick et al. 1972). Even though the effects of soil K on grape must are typically small, its relative abundance may be responsible for the reduced acidity in fruit harvested from straw-mulched plots (Freeman and Kliewer 1983, Dundon et al. 1984). Crop load can also influence the acidity of ripe fruit, with high crop loads generally manifesting higher TA than grapevines with lower crop loads (Bravdo et al. 1984). Given the tendency of grapevines from the living mulch treatment to maintain yields despite reduced pruning weights, high crop loads may have contributed to higher acidity in ripe fruit. Harvest dates were the same across treatments and fruit had the same Brix across treatments within a year. Further testing of various crop loads on grapevines grown in living mulches should be performed. Monitoring of the relationships between soil moisture, K, and fruit quality should also be performed before any recommendation of this alternative weed management practice.

Straw and living mulches reduced weed populations (Figure 1 and Table 3), as in previous studies (Hartwig and Ammon 2002, Ingels et al. 2005). By maintaining a permanent groundcover, weed-seed germination and growth are inhibited, reducing weed populations. In contrast, exposed soil provides a favorable environment for seed germination and growth, reflected in the overall higher percentage weed cover and biomass observed in cultivated and herbicide-treated plots. The efficacy and minimal maintenance of both mulch treatments represents a potential efficiency and cost-savings advantage over conventional weed management. Mulch-based systems may be particularly beneficial for transitioning or organic vineyards that have limited options for effective weed control. As demonstrated in our study, mulch-based systems can also maintain or improve indices of soil quality. Plows provide effective weed control and are cost effective, but disturb soils and damage grapevine roots (Shrestha et al. 2013). Mulched-based systems may be a viable strategy for effective and economic weed control that does not damage soils or grapevine roots, thereby contributing to the overall sustainability of vineyard operations.

All physical soil quality indicators were within USDA-recommended ranges (USDA 1999). Infiltration was promoted with mulches, particularly in 2009 when straw mulch plots had the fastest infiltration rate (Table 6). Despite the lack of statistical significance, it is noteworthy that mean infiltration times for both mulched plots were numerically lower than for cultivation or herbicide-treated plots at every sampling date. Surface crusting was also observed in cultivated and herbicide-treated plots, which noticeably influenced infiltration rates. Variability within the vineyard may explain why those differences in infiltration were not captured in our statistical tests. Visual observations in the field demonstrated the beneficial effects mulches have on physical properties of soil. Increased aggregate stability of soils collected from mulched plots further supports the conclusion that mulches have a more favorable effect on physical indicators of soil quality than cultivation and herbicides. Mulches increase soil OM, which stabilizes soil aggregates and reduces their breakdown, decreases surface crusting, and enhances infiltration (Sikora and Stott 1996). Continued monitoring of infiltration and other physical soil properties is advised because treatment differences may become more pronounced over time.

Biological activity was enhanced in both straw and living mulch plots. Enzymatic activity was greatest in living mulch plots at both sampling depths (Table 7), while earthworm populations were largest in the straw mulch plots. Because soil biological activity is largely dependent on carbon-source availability, the greater OM and total C (especially in 2009 at 0 to 7.6 cm, when differences were significant) explain why biological activity was greater in mulched plots (Table 4, Dick et al. 1996). The finding of larger earthworm populations in straw mulch plots was consistent with previous research (Thomson and Hoffmann 2007). Increased populations were expected due to the surface applications of straw, which is ingested by earthworms. Additionally, by providing a barrier between the ambient air and soil, the straw mulch created an environment ideal for earthworms, which are unable to regulate body temperature and moisture. Soil microorganisms responsible for increased enzymatic activity are important nutrient cyclers in soil ecosystems and contribute to soil productivity and ecosystem health. Earthworms are valued members of the soil ecological community due to their role in decomposition of OM, soil mixing, promotion of soil structure, and stimulation of biological activity. Due to the beneficial effects of soil microorganisms and earthworm activity, their increase in activity and numbers are indicators of improved soil quality.


Conclusion

This study provides information on weed management and soil quality for the unique and rapidly expanding industry of continental-climate viticulture, such as in the United States Midwest. Despite concerns regarding competition, this study demonstrates that living mulches control weed populations, maintain grapevine yield, and enhance soil quality. Although competition between the living mulches and grapevines was not detected, it should be noted that several years in which the study was conducted were abnormally wet. Furthermore, annual precipitation across all years of the study were higher than the 100-year average (Table 1). In addition, the grapevines were established and had deep root systems, which could mitigate competition. Therefore, our results may not reflect how grapevines would respond to living mulches under drier weather conditions in which water is limiting, or in younger grapevines with less extensive root systems. Continued monitoring and evaluation of the long-term effects will provide additional information regarding the practicality of mulches within continental-climate vineyards. Future studies should evaluate the effects of mulches on wine sensory attributes and the economic implications of various weed management systems. Our study suggests mulches contribute to the sustainability of vineyard operations and are a viable option for sustainable weed management in continental-climate viticulture.
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