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Improving Weed Management Based on the Timing of Emergence Peaks: A Case Study of Problematic Weeds in Northeast USA
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We reviewed the timing of the peak rate of emergence for 15 problematic weed species as well as ways to use this knowledge to improve control. Much of the previous literature modeled emergence based on growing-degree-days. For these models, we input average temperature data from several zones of Northeast USA. Within species, model-predicted peak emergence in the warmest and coolest zones differed by an average of 39 days. Also within species, there was some variation between models, likely reflecting different conditions in study locations and population-level differences that will need to be addressed in future modelling efforts. Summarizing both observed and modelled results, emergence typically peaked early-season for barnyardgrass, Canada thistle, common lambsquarters, common ragweed, giant foxtail, large crabgrass, perennial sowthistle, and smooth crabgrass. Emergence typically peaked mid-season for hairy galinsoga, mouseear chickweed, and red sorrel. Emergence typically peaked late-season for annual bluegrass. Several species emerged in a protracted manner, including common chickweed, quackgrass, and redroot pigweed. With this improved knowledge, farmers may target key problematic species of a particular field in several ways. Weed seedling control efforts can be timed at the highest densities or most vulnerable phenological stage. Residual herbicides and suppressive mulches can be timed to maximize effectiveness prior to their breakdown. And if management flexibility allows, crop selection and associated planting dates may be adjusted to improve crop competition or facilitate seedbank depletion through timely bare fallow periods. Such improvements to weed management based on timing of emergence will likely become even more impactful as predictive model reliability continues to improve.

INTRODUCTION

The timing of weed emergence is among the most important variables determining how species respond to management [START_REF] Ryan | Management Filters and Species Traits: Weed Community Assembly in Long-Term Organic and Conventional Systems[END_REF]Cordeau et al., 2017c). This is especially pertinent for weeds germinating from seed, which are most vulnerable to management at the time of emergence [START_REF] Mohler | Weed Life History: Identifying Vulnerabilities[END_REF]. The timing of emergence can also correlate with other biological traits of weeds that impact management success, such as seed weight, cotyledon type, and photosynthetic pathway (Cordeau et al., 2017b). Therefore, improved knowledge of weed emergence periodicity may be used to enhance management tactics [START_REF] Bastiaans | Focus on Ecological Weed Management: What is Hindering Adoption?[END_REF][START_REF] Norsworthy | Reducing the Risks of Herbicide Resistance: Best Management Practices and Recommendations[END_REF][START_REF] Reinhardt Piskackova | Windows of Action for Controlling Palmer Amaranth (Amaranthus palmeri) Using Emergence and Phenology Models[END_REF]. For example, the timing of weed control efforts [START_REF] Forcella | Estimating the Timing of Weed Emergence. Site Specific Management Guidelines[END_REF][START_REF] Batlla | Modelling Weed Seedbank Dormancy and Germination[END_REF], crop planting dates [START_REF] Royo-Esnal | Rigput Brome (Bromus diandrus Roth.) Management in a No-Till Field in Spain[END_REF][START_REF] Sousa-Ortega | Modeling the Emergence of North African Knapweed (Centaurea diluta), an Increasingly Troublesome Weed in Spain[END_REF], and seedbank depletion tactics [START_REF] Nordell | Weed the Soil, Not the Crop[END_REF] may all be adjusted to disadvantage problematic weed species.

But emergence periodicity varies greatly between species, reflecting contrasting patterns of dormancy, germination requirements, and pre-emergence growth rates, which are mediated by many abiotic factors [START_REF] Batlla | Modelling Weed Seedbank Dormancy and Germination[END_REF] so that even within species, empirically observed patterns of emergence can range widely (Cordeau et al., 2017b;Cordeau et al., 2017a). To improve management, modeling efforts have attempted to predict cumulative emergence for individual species, typically using Weibull or Gompertz functions [START_REF] Royo-Esnal | Weed Emergence Models[END_REF] with growing-degree-days [START_REF] Forcella | Weed Seed Bank Emergence Across the Corn Belt[END_REF][START_REF] Renner | Adaptation and Evaluation of the WEEDSIM Weed Management Model for Michigan[END_REF][START_REF] Sousa-Ortega | Modeling the Emergence of North African Knapweed (Centaurea diluta), an Increasingly Troublesome Weed in Spain[END_REF] or cooling-degree-days [START_REF] Taylor | Modeling Seasonal Emergence of Poa annua in Urban Greenspace[END_REF]) calculated using base temperatures required for germination of each modeled species [START_REF] Masin | Modeling Weed Emergence in Italian Maize Fields[END_REF]. Addition of base water potential [START_REF] Cao | Computing Statistical Indices for Hydrothermal Times Using Weed Emergence Data[END_REF][START_REF] Masin | Predicting the Emergence of Echinochloa crus-galli (L.) P. Beauv. In Maize Crop in Croatia With Hydrothermal Model[END_REF] or other edaphic parameters [START_REF] Archer | WeedCast Version 4[END_REF][START_REF] Davis | Seed Burial Physical Environment Explains Departures From Regional Hydrothermal Model of Giant Ragweed (Ambrosia trifida) Seedling Emergence in US Midwest[END_REF]) may be used to further improve model accuracy.

In previous work investigating emergence periodicity at several sites in Northeast USA, Cordeau et al. (2017b) tilled new plots every two weeks and recorded weed densities by species. It was observed that some weed species exhibited prominent emergence peaks (Figure 1), which may be targeted for improved management. Emergence peaked early for most summer annual species, including common lambsquarters (Chenopodium album L.), common ragweed (Ambrosia artemisiifolia L.), giant foxtail (Setaria faberi Herrm.), large crabgrass [Digitaria sanguinalis (L.) Scop.], and smooth crabgrass (Digitaria ischaemum Schreb. ex Muhl.). But redroot pigweed (Amaranthus retroflexus L.), barnyardgrass [Echinochloa crus-galli (L.) Beauv.], and hairy galinsoga (Galinsoga quadriradiata Cav.) demonstrated a delayed emergence peak compared to the other summer annuals. Winter annuals, including common chickweed [Stellaria media (L.) Vill.] and annual bluegrass (Poa annua L.), as well as perennials, including mouseear chickweed (Cerastium fontanum Baumg.), perennial sowthistle (Sonchus arvensis L.), red sorrel (Rumex acetosella L.), and quackgrass [Elymus repens (L.) Gould] generally exhibited later or bimodal emergence peaks. The exception was the perennial, Canada thistle [Cirsium arvense (L.) Scop.], which emerged early, and for an extended period.

This review further examines the emergence periodicity of these 15 speciesmany of which have been cited by farmers as the most problematic weeds of not only Northeast USA [START_REF] Jabbour | Mental Models of Organic Weed Management: Comparison of New England US Farmer and Expert Models[END_REF], but also Midwest USA [START_REF] Gibson | Farmer Perceptions of Weed Problems in Corn and Soybean Rotation Systems[END_REF], and Europe [START_REF] Bourgeois | What Makes a Weed a Weed? A Large-Scale Evaluation of Arable Weeds Through a Functional Lens[END_REF]. For each species, we review the empirically-observed and model-derived emergence peaks and provide an updated synthesis of emergence-based management recommendations applicable to Northeast USA and similarly temperate regions.

REVIEW METHODS

We conducted a literature search using ProQuest and Google Scholar with search terms "weed," AND "emergence," AND "timing," "periodicity," OR "phenology." Additional searches replaced "weed" with the scientific name of each of our 15 species. Species entries in the series, The Biology of Canadian Weeds, were also reviewed. Pertinent sources cited in the resulting articles were also reviewed. No geographic limitations were imposed on our search so we could contextualize the emergence of each species over a broad range of locations. Since many of the empirically-based emergence periodicity results were qualitative, we presented them in table form (Table 1). This literature search also provided the basis for our discussion of management tactics that can be improved using knowledge of emergence periodicity.

Some results of our literature search predicted 50% cumulative emergence based on growing-degree-days. This timing typically coincides with the peak, or greatest rate of emergence [START_REF] Royo-Esnal | Weed Emergence Models[END_REF]. To determine the timings associated with the growing-degree-days required for 50% emergence, we used weather data representing four prominent USDA Plant Hardiness Zones found in Northeast USA (USDA, 2012). Specifically, from coldest to warmest, we used weather data representing Zones 4a, 5a, 6a, and 7a, with average annual minimum temperatures of -34.4 to -31.7°C, -28.9 to -26.1°C, -23.3 to -20.6°C, and -17.8 to 15.0°C, respectively. Within each zone, we selected three representative weather station sites from the Network for Environment and Weather Applications (https://newa.cornell.edu) to encompass a wide geographic range. Zone 4a included Milan, NH, Morrisville, VT, and Saranac Lake, NY. Zone 5a included Bangor, ME, Ceres, NY, and Saratoga Springs, NY. Zone 6a included Cabot, PA, Geneva, NY, and Northborough, MA. Zone 7a included Atlantic City, NJ, Philadelphia, PA, and Riverhead, NY. Growing-degree-days were calculated in accordance with each prior study, but using mean daily maximum and minimum temperature data from 2018 to Abbreviations: annual bluegrass, Poa annua L.; barnyardgrass, Echinochloa crusgalli (L.) Beauv.; Canada thistle, Cirsium arvense (L.) Scop.; common chickweed, Stellaria media (L.) Vill.; common lambsquarters, Chenopodium album L.; common ragweed, Ambrosia artemisiifolia L.; giant foxtail, Setaria faberi Herrm.; hairy galinsoga, Galinsoga quadriradiata Cav.; large crabgrass, Digitaria sanguinalis (L.) Scop.; mouseear chickweed, Cerastium fontanum Baumg.; perennial sowthistle, Sonchus arvensis L.; quackgrass, Elymus repens (L.) Gould; redroot pigweed, Amaranthus retroflexus L.; red sorrel, Rumex acetosella L.; smooth crabgrass, Digitaria ischaemum Schreb. ex Muhl. 2020 over the three locations representing each zone. If no start date was provided, we began the accumulation on January 1. One of the prediction models required additional information on the soil conditions [START_REF] Archer | WeedCast Version 4[END_REF]. For this model we input typical conditions for Northeast USAchisel plowed loam following corn, with wet initial conditions, and adequate rainfall. Predicted dates for 50% (peak) emergence were graphed by species and model (Figure 2). 

COMPARISON OF EMERGENCE PEAKS FROM PREVIOUS RESEARCH

The previous empirically-based emergence results (Table 1) were generally in agreement as to the season of peak emergence for a given species. But within such general trends, peak emergence varied by study, likely reflecting differences in growing-degreeday accumulation between sites.

Model-based predictions of peak emergence using weather data from Northeast USA (Figure 2) were in general agreement with empirically observed results. Spring-emerging species were predicted to emerge earlier in the warmer modelled zones. Within each species, the mean difference in predicted peak emergence between warmest and coolest modeled USDA Plant Hardiness Zones of Northeast USA was 39 days.

Results by Species

In this section, we will draw from empirical observations (Table 1) and model-based predictions (Figure 2) to summarize the typical emergence patterns of our 15 reviewed species. Although the climate of Northeast USA is primarily composed of USDA plant hardiness zones 4 through 7, our review found several previous results from zones 8 and 9, which we include for further context (Table 1).

Annual bluegrass generally exhibited peak emergence in autumn, but spring, summer, and even winter emergence peaks were also observed (Table 1, Figure 2). Emergence models predicted that warmer climates would experience earlier spring and later autumn emergence of annual bluegrass compared with colder climates (Figure 2). These results reflect the winter annual life cycle of annual bluegrass. Indeed, [START_REF] Håkansson | Weeds and Weed Management on Arable Land: An Ecological Approach[END_REF] reports that it germinates whenever dormancy has been broken and environmental conditions are adequate.

Barnyardgrass demonstrated emergence peaks in April or May from studies conducted in warm climates (Table 1). But in cooler climates, a June emergence peak was more common. For example, modelling efforts based in Minnesota and Iowa, USA showed a mean peak emergence of June 1 (Figure 2). Though emergence may occur for an extended period [START_REF] Vengris | Seasonal Occurrence of Barnyardgrass in Potato Fields in Massachusetts[END_REF]Gołębiowska and Kieloch, 2016), barnyardgrass phenological traits differ by location, and cold winter conditions likely select against late and untimely emergence [START_REF] Martinkova | Geographic Differentiation of Adaptive Phenological Traits of Barnyardgrass (Echinochloa crus-galli) Populations[END_REF].

Canada thistle typically exhibited emergence peaks in early to mid-spring in studies from northern USA (Table 1, Figure 2). Emergence is mostly from overwintering root stock rather than seed [START_REF] Hodgson | Variations in Ecotypes of Canada Thistle[END_REF], which likely contributes to vigorous early growth and establishment success.

Common chickweed has shown emergence peaks in spring, summer, and autumn (Table 1, Figure 2), reflecting its relatively weak dormancy [START_REF] Grundy | Emergence of Chenopodium album and Stellaria media of Different Origins Under Different Climatic Conditions[END_REF]. Likewise, its emergence can be protracted over most of the growing season (Figure 1).

Common lambsquarters demonstrated emergence peaks mostly in mid-spring (Table 1, Figure 2). Earlier or later emergence was generally observed in warmer or colder climates, respectively. Common lambsquarters has distinct dormancy-breaking requirements [START_REF] Grundy | Emergence of Chenopodium album and Stellaria media of Different Origins Under Different Climatic Conditions[END_REF], but emergence can be somewhat protracted (Figure 1, Gołębiowska and Kieloch, 2016).

Common ragweed was generally the earliest emerging of the annual weeds we reviewed, with peaks mostly in early to midspring (Table 1, Figure 2). In several studies emergence was observed to curtail sharply in June (Table 1, Figure 1). Giant foxtail emergence peaks were mostly in mid-spring (Table 1, Figure 2). Cordeau et al. (2017b) observed that emergence occurred over a short period, resulting in a prominent emergence peak (Figure 1).

Hairy galinsoga demonstrated emergence peaks mostly in late spring and summer (Table 1), congruent with anecdotal results from [START_REF] Jernigan | Weed Abundance and Community Composition Following a Long-Term Organic Vegetable Cropping Systems Experiment[END_REF]. Though hairy galinsoga has no seed dormancy [START_REF] Warwick | The Biology of Canadian Weeds. 58. Galinsoga parviflora and Galinsoga quadriradiata (=G. Ciliata)[END_REF], it does require adequate soil conditions for germination, as evident in the emergence peak observed in autumn following a summer drought (Table 1).

Large crabgrass emerged in mid to late spring (Table 1, Figure 2). Cordeau et al. (2017b) found that emergence peaked sharply at one site, but was slightly protracted at another (Figure 1). In both cases, emergence was earlier than expected based on other findings from similar latitudes. This could perhaps be explained by the six-week window between tillage and sampling, which may have skewed results.

Mouseear chickweed demonstrated a mid-summer emergence peak (Table 1), but only one study was found reporting emergence periodicity.

Perennial sowthistle emerged primarily in mid spring in two of three studies (Table 1), reflecting its initiation of rhizome shoot elongation at that time [START_REF] Torssell | Modelling Below-Ground Shoot Elongation and Emergence Time of Sonchus Arvensis Shoots[END_REF]. But Cordeau et al. (2017b) found an emergence peak in summer, which may possibly be explained by spring field preparation with a glyphosate application that may have set back early-emerging perennial sowthistle.

Quackgrass exhibited emergence peaks in spring, spring and autumn, or summer and autumn (Table 1). But based on the experimental design of these studies, some of the summer and autumn emergence likely represents regrowth from earlieremerged plants.

Red sorrel emergence, which is primarily from rhizomes, peaked in summer, whereas emergence from seed peaked in autumn (Table 1, Figure 2).

Redroot pigweed demonstrated a range of emergence peaks from spring to summer (Table 1, Figure 2). This protracted emergence pattern of Amaranthus species has been well-described in the literature [START_REF] Jha | Soybean Canopy and Tillage Effects on Emergence of Palmer Amaranth (Amaranthus palmeri) From a Natural Seed Bank[END_REF][START_REF] Teasdale | Tillage and Planting Date Effects on Weed Dormancy, Emergence, and Early Growth in Organic Corn[END_REF][START_REF] Chahal | Emergence Pattern of Palmer Amaranth (Amaranthus palmeri) Influenced by Tillage Timings and Residual Herbicides[END_REF][START_REF] Reinhardt Piskackova | Windows of Action for Controlling Palmer Amaranth (Amaranthus palmeri) Using Emergence and Phenology Models[END_REF].

Smooth crabgrass emergence peaks were primarily in May and June, similar to large crabgrass (Table 1, Figure 2).

MANAGEMENT RECOMMENDATIONS

In this section, we will provide a synthesis of management tactics that may be improved with knowledge of weed emergence. The suite of applicable management tactics depends on the season and pattern of emergence of the target weed species. For example, direct control of weed seedlings (Figure 3A), overlapping residual herbicides (Figure 3B), residue mulch (Figure 3C), and delayed planting (Figure 3D) are most applicable to early-and mid-season weeds. Early planting to improve crop competition (Figure 3E) is most applicable to mid-and late-season weeds. And feasibility of fallow or cover cropped periods (Figures 3F,G) may vary by season and Zones include 4a (circles), 5a (squares), 6a (triangles), and 7a (diamonds). Vertical lines represent the mean predicted time to 50% emergence across presented data for each species. Models were not available for all the species we investigated.

cropping system (Figure 4). Therefore, we present the following management recommendations by season of weed emergence. Within each season, management tactics are organized in ascending order of management flexibility required, in accordance with Figure 3. Although many of the studies of emergence-based management tactics were conducted outside of Northeast USA, most were conducted in similarly temperate climates, and their conclusions are applicable to this review.

Weeds With Early-Season Peak Emergence

Many of the species we reviewed exhibit emergence peaks in the early part of the growing seasontypically April and May (Table 1)including barnyardgrass, Canada thistle, common lambsquarters, common ragweed, giant foxtail, large crabgrass, perennial sowthistle, and smooth crabgrass. These weeds are especially problematic since they have the potential to compete with spring-planted crops for the entire growing season.

Direct control of early-season weed seedlings with herbicides or cultivation should be guided by weed emergence to maximize effectiveness [START_REF] Forcella | Estimating the Timing of Weed Emergence. Site Specific Management Guidelines[END_REF][START_REF] Zimdahl | Fundamentals of Weed Science[END_REF]. Farmers relying on a single post-emergence herbicide application should time it well after peak weed emergence so that the greatest number of weeds are sprayed [START_REF] Fidanza | Degree-Days for Predicting Smooth Crabgrass Emergence in Cool-Season Turfgrasses[END_REF][START_REF] Masin | WeedTurf: A Predictive Model to Aid Control of Annual Summer Weeds in Turf[END_REF][START_REF] Archer | WeedCast Version 4[END_REF]. But for early emerging summer annual weeds, like common lambsquarters, larger weeds can survive herbicide applications, so earlier timings may be more effective in such cases [START_REF] Degreeff | Influence of Plant Growth Stage and Temperature on Glyphosate Efficacy in Common Lambsquarters (Chenopodium album)[END_REF]. Likewise, weed seedling control using cultivation is most effective in the early "white thread" stage, especially for intra-row control [START_REF] Gallandt | Developments in Physical Weed Control[END_REF], so efficiency of cultivation could be maximized if conducted around peak emergence periods of problem weeds.

Timing of early-season residual herbicide applications is also of great importance. A premature application may allow the chemical to break down prior to peak emergence, whereas a late application may not affect emerged weeds. Application and planting dates can be adjusted to optimize residual herbicide effectiveness [START_REF] Culpepper | Tropical Spiderwort (Commelina benghalensis) Control in Glyphosate-Resistant Cotton[END_REF][START_REF] Webster | Cotton Planting Date Affects the Critical Period of Benghal Dayflower (Commelina benghalensis) Control[END_REF][START_REF] Rosario-Lebron | Can Winter Cover Crop Termination Practices Impact Weed Suppression, Soil Moisture, and Yield in No-Till Soybean [Glycine max (L.) Merr[END_REF]. Though preplant applications of residual herbicides may not be needed if most emergence occurs prior to seedbed preparation, they may be used prior to stale or false seedbed periods to bolster seedbank depletion [START_REF] Coleman | Evaluation of Herbicide Timings for Palmer Amaranth Control in a Stale Seedbed Sweetpotato Production System[END_REF].

Cover crop residue, or residue applied in the form of hay or straw mulch, can effectively reduce weed emergence via physical [START_REF] Carrera | Cover Crop Management and Weed Suppression in No-Tillage Sweet Corn Production[END_REF] or allelopathic mechanisms [START_REF] Weston | Weed and Crop Allelopathy[END_REF]. Timing of cover crop termination for creation of grown-in-place mulch may interact with many other factors to affect weed biomass following termination [START_REF] Wayman | The Influence of Cover Crop Variety, Termination Timing and Termination Method on Mulch, Weed Cover and Soil Nitrate in Reduced-Tillage Organic Systems[END_REF]. [START_REF] Teasdale | Tillage and Planting Date Effects on Weed Dormancy, Emergence, and Early Growth in Organic Corn[END_REF] noted that weeds emerging prior to termination have an advantage in this system, with giant foxtail becoming the dominant weed when a hairy vetch (Vicia villosa Roth.) cover crop was terminated with rolling, but in diskkilled hairy vetch, smooth pigweed (Amaranthus hybridus L.) eventually dominated, likely due to warmer soil temperatures caused by tillage, which may have stimulated germination of this later-emerging species. Roller-crimped cereal rye (Secale cereale L.) can provide effective weed control in organic soybean [Glycine max (L.) Merr.], but common ragweed often escapes suppression since it emerges before the rye is rolled into a suppressive mulch [START_REF] Wallace | Integrated Weed Management Strategies in Cover Crop-Based, Organic Rotational No-Till Corn and Soybean in the Mid-Atlantic Region[END_REF]. Thus, fields dominated by the earliest-emerging weeds should not rely on roller-crimped cover crops for weed control since they need to be terminated at anthesis, which is typically mid to late spring in Northeast USA. On small-scale farms, hay or straw mulch is sometimes used, and may be applied before planting robust crops or well after planting to ensure crops have achieved a sufficient height to withstand the mulching [START_REF] Brown | A Systems Comparison of Contrasting Organic Weed Management Strategies[END_REF]. When considering the best timing of mulch application relative to the peak emergence of problem weeds, farm managers should consider that it is most effective soon after application, before it decomposes [START_REF] Law | Weed Control Efficacy of Organic Mulches in Two Organically Managed Bell Pepper Production Systems[END_REF].

Delayed planting may be used to avoid peak emergence of problematic early-season weeds [START_REF] Gill | The Competitive Ability of Chenopodium album and Echinochloa crus-galli in Maize Crops Depending on the Time of Their Occurrence or Removal[END_REF]. This would allow delayed usage of tillage or burndown herbicides to control most of the targeted species before the crop is planted [START_REF] Chahal | Emergence Pattern of Palmer Amaranth (Amaranthus palmeri) Influenced by Tillage Timings and Residual Herbicides[END_REF]. [START_REF] Royo-Esnal | Rigput Brome (Bromus diandrus Roth.) Management in a No-Till Field in Spain[END_REF] found that by delaying planting dates, they were able to avoid 50-100% of the emergence of their target weed. Common ragweed was less abundant in corn (Zea mays L.) and soybean crops when planting dates were delayed [START_REF] Wallace | Integrated Weed Management Strategies in Cover Crop-Based, Organic Rotational No-Till Corn and Soybean in the Mid-Atlantic Region[END_REF]. Delaying soybean planting date to June can decrease weed density at the time of post-emergence herbicide application [START_REF] Dewerff | Weed Control in Soybean as Influenced by Residual Herbicide Use and Glyphosate-Application Timing Following Different Planting Dates[END_REF]. Delayed planting can also extend the activity and improve the control provided by pre-emergence herbicides [START_REF] Rosario-Lebron | Can Winter Cover Crop Termination Practices Impact Weed Suppression, Soil Moisture, and Yield in No-Till Soybean [Glycine max (L.) Merr[END_REF]. The timing of crop planting can also be adjusted to avoid crop losses due to the timing of weed competition [START_REF] Mohler | Weed Life History: Identifying Vulnerabilities[END_REF][START_REF] Knezevic | Critical Period for Weed Control: The Concept and Data Analysis[END_REF]. Delaying planting may reduce the yield potential in some crops, which must be weighed against weed management benefits. Since crops differ in planting dates and associated management [START_REF] Liebman | Many Little Hammers: Ecological Management of Crop-Weed Interactions[END_REF], planting date may factor into crop or variety choice. Crops that can be planted in late-spring to avoid earlyseason weeds include corn, cucurbits, dry beans (Phaseolus spp.), solanaceous crops, soybeans, and sunflowers (Helianthus spp.) (Figure 4). Alternatively, alfalfa (Medicago sativa L.) and winter cereals may be planted the previous year to establish a competitive advantage over weeds with early-season peak emergence.

Bare fallow periods, including false or stale seedbeds, are some of the most powerful methods to reduce the weed seedbank [START_REF] Gallandt | How Can We Target the Weed Seedbank?[END_REF], especially if the timing corresponds with the emergence peak of targeted weed species. Fallow periods are perhaps most feasible during the spring since more than one tillage pass or burndown herbicide application is sometimes necessary to prepare for planting, and spacing out these events allows emergence flushes between control timings. Although it is best to finish the sequence with minimal disturbance, such as with herbicides or flaming [START_REF] Caldwell | Stale Seedbed Practices for Vegetable Production[END_REF], initiating with shallow tillage set to the germination depth of the target weed species can enhance the depletion of the seedbank [START_REF] De Cauwer | Reduction in Field Emergence and Seedbank Density of Galinsoga quadriradiata and Other Weeds After Contrasting False Seedbed Strategies in Organic Vegetable Fields[END_REF]. But while tillage may affect the emergence of some species, the timing and magnitude of common ragweed emergence has been shown to be unaffected [START_REF] Barnes | Influence of Tillage on Common Ragweed (Ambrosia artemisiifolia) Emergence Pattern in Nebraska[END_REF]. In such cases, it would be best to allow sufficient time for emergence rather than expecting an early peak due to tillage.

Weeds With Mid-Season Peak Emergence

Weeds with mid-season emergence peaks in June or July, included hairy galinsoga, mouseear chickweed, and red sorrel. These species may not be exposed to early season weed control efforts. Furthermore, opportunities to control these mid-season weeds may be curtailed if canopy closure or crop height restrict tractor entry into fields. Likely for these reasons, mid-season weeds can be the most abundant weeds in corn crops [START_REF] Fried | Which Traits Make Weeds More Successful in Maize Crops? Insights From a Three-Decade Monitoring in France[END_REF].

Direct control of mid-season weed seedlings through postemergence herbicides or cultivation may be possible until the "layby" stage of the crop, immediately prior to canopy closure. Use of overlapping residual herbicides at this stage would further reduce emergence until full crop canopy closure [START_REF] Culpepper | Tropical Spiderwort (Commelina benghalensis) Control in Glyphosate-Resistant Cotton[END_REF].

Early planting of spring-planted crops may be used to establish a size advantage over mid-season weeds that can be used to improve control [START_REF] Mohler | Weed Life History: Identifying Vulnerabilities[END_REF]. This size advantage is especially important for keeping weeds as small as possible for late post-emergence herbicide applications [START_REF] Reinhardt Piskackova | Windows of Action for Controlling Palmer Amaranth (Amaranthus palmeri) Using Emergence and Phenology Models[END_REF] and improving the selectivity of intrarow cultivation [START_REF] Gallandt | Developments in Physical Weed Control[END_REF]. The effect of early planting can perhaps be strengthened by additional weed suppressive tactics. Increasing crop planting density can be used to hasten canopy closure and facilitate mid-season shading [START_REF] Mohler | Ecological Bases for the Cultural Control of Annual Weeds[END_REF]. Residue mulches [START_REF] Brown | A Systems Comparison of Contrasting Organic Weed Management Strategies[END_REF][START_REF] Wallace | Integrated Weed Management Strategies in Cover Crop-Based, Organic Rotational No-Till Corn and Soybean in the Mid-Atlantic Region[END_REF] or living mulches [START_REF] Hartwig | Cover Crops and Living Mulches[END_REF][START_REF] Westbrook | Weed Control and Community Composition in Living Mulch Systems[END_REF] can provide further shading. Due to increased crop competition, late-emerging barnyardgrass and common lambsquarters had no effect on corn yield (Gołębiowska and Kieloch, 2016). Thus, planting earlier can perhaps be used to ensure mid-season weeds emerge after the critical period for weed control, thereby nullifying their threatbut only if seed production is prevented [START_REF] Reinhardt Piskackova | Integrating Emergence and Phenology Models to Determine Windows of Action for Weed Control: A Case Study Using Senna obtusifolia[END_REF]. For example, to reduce barnyardgrass seed production by 99%, rice crops required a 23-day advantage [START_REF] Singh | Relative Time of Weed and Crop Emergence is Crucial for Managing Weed Seed Production: A Study Under an Aerobic Rice System[END_REF].

When planting dates were delayed, [START_REF] Wallace | Integrated Weed Management Strategies in Cover Crop-Based, Organic Rotational No-Till Corn and Soybean in the Mid-Atlantic Region[END_REF] found that composition of weeds with mid-season emergence periodicity increased in organic no-till corn and soybeans. They suggest integration of winter grains or perennial forages to reduce seedbanks of these species. Alternatively, in specialty crop systems, cool season crops that are established before or planted after peak emergence may avoid mid-season weeds entirely [START_REF] Devore | Palmer Amaranth Emergence as Influenced by Soybean Production System and Deep Tillage[END_REF]. Such crops include beets, carrots, green peas, leafy greens, or lettuce (Figure 4).

Bare fallow periods targeting the seedbank of mid-season weeds may be difficult for farmers to implement in the middle of the growing season but could be integrated with cover cropping to simultaneously satisfy other pest management or soil health goals [START_REF] Nordell | Weed the Soil, Not the Crop[END_REF]. Aligning the timing of cover crop seedbed preparation with the peak emergence of problem weeds would encourage weed seed germination, while termination of the cover crop prior to weed seed production would ensure a seedbank reduction (Figure 3G). Bare fallow periods can also be used in conjunction with cool season crops (Figure 4). Bare fallow periods in the mid to late season are especially important when targeting mid-season perennial weeds, such as quackgrass (Table 1), to exhaust the carbohydrate reserves in their rhizomes [START_REF] Ringselle | A Review of non-Chemical Management of Couch Grass (Elymus repens)[END_REF].

Weeds With Late-Season Peak Emergence

Weeds with peak emergence in late summer and autumn included the winter annual species, annual bluegrass. Weeds emerging at this timing provide minimal competition with established springplanted crops [START_REF] Knezevic | Critical Period for Weed Control: The Concept and Data Analysis[END_REF][START_REF] Cordeau | Weed Species Differ in Their Ability to Emerge in No-Till Systems That Include Cover Crops[END_REF]Gołębiowska and Kieloch, 2016). In interviews about problematic weeds, organic vegetable farmers made almost no mentions of winter annuals [START_REF] Jabbour | Mental Models of Organic Weed Management: Comparison of New England US Farmer and Expert Models[END_REF], reflecting the control of winter annuals by spring tillage. But late-season weeds can be problematic in winter cereals [START_REF] Royo-Esnal | Rigput Brome (Bromus diandrus Roth.) Management in a No-Till Field in Spain[END_REF]. And in no-till systems, autumn-established winter annuals can grow too large the following spring to control with post-emergence herbicides [START_REF] Wallace | Cover Crop Effects on Horseweed (Erigeron canadensis) Density and Size Inequality at the Time of Herbicide Exposure[END_REF].

Autumn-applied burndown herbicides can reduce overwintering weed densities the following spring [START_REF] Hasty | Weed Control With Fall and Early-Preplant Herbicide Applications in No-Till Soybean[END_REF]. And autumn-applied residual herbicides in conjunction with winter cover crops can reduce the emergence of winter annual weeds [START_REF] Walters | Cover Crop and Pre-Emergence Herbicide Combinations in No-Tillage Fresh Market Cucumber Production[END_REF] and keep them at a manageable height the following spring [START_REF] Wallace | Cover Crop Effects on Horseweed (Erigeron canadensis) Density and Size Inequality at the Time of Herbicide Exposure[END_REF]. Interseeding may be used to expedite cover crop establishment and improve late season weed suppression, but compatibility with other post-harvest weed control tactics may be limited.

As grain corn or soybean crops mature and leaves wither, the open canopy can allow successful establishment of weeds with lateseason emergence peaks. Harvest of these crops often occurs in late autumn, forcing farm managers to decide whether to terminate the weeds in autumn, or use the weeds as winter soil cover [START_REF] Jabbour | Mental Models of Organic Weed Management: Comparison of New England US Farmer and Expert Models[END_REF] but risk their escape in spring [START_REF] Wallace | Integrated Weed Management Strategies in Cover Crop-Based, Organic Rotational No-Till Corn and Soybean in the Mid-Atlantic Region[END_REF].

Shifting spring-planted crops earlier (Figure 4) can allow for a late-season bare fallow period, which would target the seedbank of winter annuals, and help exhaust carbohydrate reserves of perennial weeds to minimize their survival over winter [START_REF] Andersson | Sprouting Capacity From Intact Root Systems of Cirsium arvense and Sonchus arvensis Decrease in Autumn[END_REF]. Late fallow periods may also necessitate a delay in autumn-planted crops. This could perhaps be offset with denser seeding rates. [START_REF] Royo-Esnal | Rigput Brome (Bromus diandrus Roth.) Management in a No-Till Field in Spain[END_REF] found that by delaying winter cereal planting dates, they were able to avoid most emergence of their target weed. But in a dry year, weed emergence was delayed, and an earlier planting date would have been preferable.

Weeds With Protracted Emergence

Rather than emerging in a short, easily manageable cohort, several species exhibited a protracted emergence pattern. These included common chickweed, quackgrass, and redroot pigweed. The protracted emergence of Amaranthus species is well-known [START_REF] Jha | Soybean Canopy and Tillage Effects on Emergence of Palmer Amaranth (Amaranthus palmeri) From a Natural Seed Bank[END_REF][START_REF] Chahal | Emergence Pattern of Palmer Amaranth (Amaranthus palmeri) Influenced by Tillage Timings and Residual Herbicides[END_REF]. Common lambsquarters (Gołębiowska and Kieloch, 2016) and hairy galinsoga [START_REF] Jernigan | Weed Abundance and Community Composition Following a Long-Term Organic Vegetable Cropping Systems Experiment[END_REF] may also sometimes display protracted emergence. This emergence pattern allows these species to avoid early-season control efforts. Although late emerging weeds may not affect crop yield [START_REF] Knezevic | Critical Period for Weed Control: The Concept and Data Analysis[END_REF], they should still be controlled from a seedbank management standpoint [START_REF] Norris | Ecological Implications of Using Thresholds for Weed Management[END_REF][START_REF] Brown | A Systems Comparison of Contrasting Organic Weed Management Strategies[END_REF] and because they are subject to sublethal herbicide doses, which can select for resistance [START_REF] Norsworthy | Reducing the Risks of Herbicide Resistance: Best Management Practices and Recommendations[END_REF]. Perennial weeds may also appear to have a protracted emergence due to their survival and resprouting after successive control efforts [START_REF] Ringselle | A Review of non-Chemical Management of Couch Grass (Elymus repens)[END_REF].

Control of weeds with protracted emergence requires an extended effort. We suggest a multifaceted strategy that includes as many of the following tactics as is feasible. In chronological order: densely planting crops that quickly close canopy [START_REF] Mohler | Ecological Bases for the Cultural Control of Annual Weeds[END_REF]; overlapping residual herbicides to extend control through canopy closure [START_REF] Chahal | Overlapping Residual Herbicides for Control of Photosystem II and 4-Hydroxyphenylpyruvate Dioxygenase (HPPD) Inhibitor-Resistant Palmer Amaranth (Amaranthus palmeri S. Watson) in Glyphosate-Resistant Maize[END_REF]; ensuring seedling control is as effective as possible by timing control efforts while weeds are less than 10 cm tall [START_REF] Reinhardt Piskackova | Integrating Emergence and Phenology Models to Determine Windows of Action for Weed Control: A Case Study Using Senna obtusifolia[END_REF] and using a final pass as late as possible [START_REF] Crow | Evaluation of POST-Harvest Herbicide Applications for Seed Prevention of Glyphosate-Resistant Palmer Amaranth (Amaranthus palmeri)[END_REF]; minimizing seed production of escapes using hand removal, mowing, rescue herbicide applications [START_REF] Hill | Late-Season Weed Management to Stop Viable Weed Seed Production[END_REF], electrical discharge systems, or artificial pollination (Lidor-Nili and Noivirt-Brik, 2017); using harvest weed seed control if the escapes have already produced seed [START_REF] Walsh | Harrington Seed Destructor: A New Nonchemical Weed Control Tool for Global Grain Crops[END_REF]; avoiding post-harvest tillage to allow for seed predation [START_REF] Birthisel | Habitat and Time are More Important Predictors of Weed Seed Predation Than Space on a Diversified Vegetable Farm in Maine[END_REF]; and moldboard plowing to bury remaining seeds below germinable depth [START_REF] Mohler | Ecological Bases for the Cultural Control of Annual Weeds[END_REF].

Management of Multiple Problem Weeds

As seen in Figure 1, farms often contain species with different weed emergence patterns. Therefore, farmers may need to prioritize targeting the emergence peaks of the most problematic species. Ideally, the most competitive or difficultto-control weeds would be avoided entirely by adjusting planting dates or crop selection to allow for a bare fallow (Figure 3F) or short-term cover crop (Figure 3G). Lower priority weeds could be addressed with adjusted in-crop weed control (Figures 3A-C) combined with tactics that improve the competitive advantage of the crop (Figures 3D,E). Fields with profuse weed emergence over the entire growing season may need to be taken out of production for a full year to allow for extended bare fallow periods [START_REF] Nordell | Weed the Soil, Not the Crop[END_REF] or rapid succession cover crops that are incorporated before weeds have time to set seed [START_REF] Sarrantonio | The Role of Cover Crops in North American Cropping Systems[END_REF][START_REF] Gallandt | How Can We Target the Weed Seedbank?[END_REF][START_REF] Mirsky | Reducing the Germinable Weed Seedbank With Soil Disturbance and Cover Crops[END_REF].

Conversely, fields may have weed communities dominated by species with similar phenology, reflecting the history of management [START_REF] Ryan | Management Filters and Species Traits: Weed Community Assembly in Long-Term Organic and Conventional Systems[END_REF]. For example, an organic vegetable rotation and a conventional corn and alfalfa rotation resulted in two different weed communities with very different phenology [START_REF] Mohler | Weed Seedbank and Weed Biomass Dynamics in a Long-Term Organic Vegetable Cropping Systems Experiment[END_REF]. Likewise, corn and soybean are more conducive to summer annual broadleaf weed emergence than wheat and alfalfa [START_REF] Goplen | Seedbank Depletion and Emergence Patterns of Giant Ragweed (Ambrosia trifida) in Minnesota Cropping Systems[END_REF]. Therefore, in some cases it may be possible to target all of the problematic weeds by temporarily switching to a cropping system that allows for new management timingssuch as the occasional rotation of spring versus autumn-planted crops.

OUTLOOK Variation in Peak Emergence Within Each Species

From our review of previous research, the peak emergence of each species varied by study (Figure 1, Table 1). Indeed, for a given weed species, emergence timing is expected to differ by location due to different weather conditions [START_REF] Royo-Esnal | Weed Emergence Models[END_REF]. But there was also variation between modelling results of a given species when we imposed identical weather conditions (Figure 2). This may be due to other differences between study sites where models were validated, such as soil texture [START_REF] Leblanc | Calibration and Validation of a Common Lambsquarters (Chenopodium album) Seedling Emergence Model[END_REF], surface residue [START_REF] Oreja | Digitaria sanguinalis Seed Dormancy Release and Seedling Emergence are Affected by Crop Canopy and Stubble[END_REF], crop canopy [START_REF] Cardina | Phenological Indicators for Emergence of Large and Smooth Crabgrass (Digitaria sanguinalis and D. ischaemum)[END_REF], or type of tillage employed [START_REF] Mohler | Weed Life History: Identifying Vulnerabilities[END_REF]. Additionally, depth of burial can influence not only the time required by a seedling to reach the soil surface [START_REF] Gonzalez-Andujar | Predicting Field Weed Emergence With Empirical Models and Soft Computing Techniques[END_REF], but also the accumulation of conditions required to break seed or bud dormancy [START_REF] Cao | Computing Statistical Indices for Hydrothermal Times Using Weed Emergence Data[END_REF]. Furthermore, within a species there may be genetic-based differences in emergence between populations resulting from varying selection pressure in different microclimates [START_REF] Dorado | Predicting Weed Emergence in Maize Crops Under Two Contrasting Climatic Conditions[END_REF][START_REF] Papiernik | Emergence of Common Lambsquarters (Chenopodium album L.) is Influenced by the Landscape Position in Which Seeds Developed[END_REF][START_REF] Liu | Emergence Pattern and Periodicity of Palmer Amaranth (Amaranthus palmeri) Populations From Southcentral Great Plains[END_REF]. For example, barnyardgrass emergence differed based on the elevation of the seed collection site [START_REF] Martinkova | Geographic Differentiation of Adaptive Phenological Traits of Barnyardgrass (Echinochloa crus-galli) Populations[END_REF] and common lambsquarters emergence varied by the slope of the landscape where seeds developed [START_REF] Papiernik | Emergence of Common Lambsquarters (Chenopodium album L.) is Influenced by the Landscape Position in Which Seeds Developed[END_REF].

While [START_REF] Grundy | Emergence of Chenopodium album and Stellaria media of Different Origins Under Different Climatic Conditions[END_REF] used a single thermal time model to sufficiently predict cumulative emergence of common chickweed from different sites brought to a single location, similar common garden experiments have found differences in emergence periodicity between populations [START_REF] Papiernik | Emergence of Common Lambsquarters (Chenopodium album L.) is Influenced by the Landscape Position in Which Seeds Developed[END_REF][START_REF] Martinkova | Geographic Differentiation of Adaptive Phenological Traits of Barnyardgrass (Echinochloa crus-galli) Populations[END_REF]. Likewise, for large crabgrass [START_REF] Dorado | Predicting Weed Emergence in Maize Crops Under Two Contrasting Climatic Conditions[END_REF] and annual ryegrass (Lolium rigidum Gaud., [START_REF] Sousa-Ortega | Should Emergence Models for Lolium rigidum be Changed Throughout Climatic Conditions? The Case of Spain[END_REF], single models could accurately predict emergence at single but not multiple locations, suggesting that different models should be developed for different regions.

But models may only require minor adjustments to accurately predict emergence in new regions. For example, the Italian emergence model, AlertInf [START_REF] Masin | Modeling Weed Emergence in Italian Maize Fields[END_REF], was modified with the base temperature and water potential required for germination of barnyardgrass in Croatia, to effectively predict emergence in Croatian corn (S ̌osťarcǐćet al., 2021). To further improve emergence predictions, other site-specific factors may need to be incorporated into models to maximize their accuracy and utility to farmers [START_REF] Royo-Esnal | Weed Emergence Models[END_REF]. Inclusion of realtime in-situ information may be useful as well, such as phenological indicators [START_REF] Cardina | Evaluating Phenological Indicators for Predicting Giant Foxtail (Setaria faberi) Emergence[END_REF][START_REF] Cardina | Phenological Indicators for Emergence of Large and Smooth Crabgrass (Digitaria sanguinalis and D. ischaemum)[END_REF], degree of crust formation, shading provided by the crop, and weed emergence scouting data. Models may also need to incorporate an adjustment factor to account for genetic tendencies of some populations within a species to emerge earlier or later than predicted. Farmers may achieve a simpler version of such a process by comparing their observed emergence to model predicted emergence and adjusting the prediction accordingly in subsequent years.

Considerations for Future Modelling Efforts

Other improvements to emergence models may be gained by improving the parameter estimates through statistically independent sampling and reducing the time between sampling events [START_REF] Gonzalez-Andujar | Predicting Field Weed Emergence With Empirical Models and Soft Computing Techniques[END_REF]. For example, work of Cordeau et al. (2017b) was based on statistically independent samples as each sample through the season was from a new plot. But sampling occurred six weeks after each plot was tilled, which was ideal for investigating cohort effects resulting from different tillage timings, but was too imprecise for emergence modeling.

For this review, we focused on peak emergence or 50% cumulative emergence. The two terms are similar since the rate of emergence is theoretically highest at 50% cumulative emergence [START_REF] Royo-Esnal | Weed Emergence Models[END_REF]. But the terms are not interchangeable since the greatest empirically observed emergence peak may occur before or after 50% cumulative emergence if the distribution of emergence is skewed by drought or other random variables. In cumulative emergence models, emergence peaks would be represented by large, predicted flushes of emergence resulting from favorable weather, which may or may not bring the cumulative total above 50%. Such predictions of large flushes may be just as useful for planning purposes as cumulative emergence because weed seedling control will need to be prioritized while the cohort remains small. Thus, farmer-oriented emergence models should allow for incorporation of weather forecasts to provide corresponding weed emergence forecasts.

We have made the case for managing weeds based on their emergence peaks, but accurate predictions of the start, end, or any other point on the emergence continuum can also be useful for management purposes. For example, to maximize efficiency, weed seedling controls with nearly 100% efficacy should not be conducted until most of the weeds have emerged [START_REF] Fidanza | Degree-Days for Predicting Smooth Crabgrass Emergence in Cool-Season Turfgrasses[END_REF][START_REF] Masin | WeedTurf: A Predictive Model to Aid Control of Annual Summer Weeds in Turf[END_REF][START_REF] Archer | WeedCast Version 4[END_REF], whereas controls that are only effective on small weeds should be initiated when relatively few have emerged [START_REF] Oriade | Maximizing Efficacy and Economics of Mechanical Weed Control in Row Crops Through Forecasts of Weed Emergence[END_REF].

Feasibility of Adjusting Management Based on Weed Emergence

We have presented a range of techniques to improve weed management based on knowledge of peak emergence (Figure 3). Certainly, slight adjustments to the timing of seedling control may be more feasible for many farmers than making drastic changes to the cropping system. But farmers are very responsive to adjusting their management based on the biology and timing of their most problematic weeds [START_REF] Jabbour | Mental Models of Organic Weed Management: Comparison of New England US Farmer and Expert Models[END_REF] and will sometimes go to extreme efforts to regain control. Since most of the tactics we present embody a "weed smarter, not harder" approach, they may be easily adopted by farmers.

For farmers unable to shift the timing of their planting, it may still be possible to alter the edaphic environment to shift weed emergence earlier or later. Prior to planting, weed emergence may be expedited through practices that increase soil warming, such as tillage [START_REF] Travlos | Key Factors Affecting Weed Seeds' Germination, Weed Emergence, and Their Possible Role for the Efficacy of False Seedbed Technique as Weed Management Practice[END_REF] or solarization. Timing of irrigation may also be used to alter weed emergence [START_REF] Kanatas | Irrigation Timing as a Practice of Effective Weed Management in Established Alfalfa (Medicago sativa L.) Crop[END_REF]. Conversely, delaying the emergence of problematic weeds may be achieved through limiting absorption of sunlight via surface residue management [START_REF] Oreja | Digitaria sanguinalis Seed Dormancy Release and Seedling Emergence are Affected by Crop Canopy and Stubble[END_REF] or crop canopy establishment.

The feasibility of emergence-based management may be impacted by other factors warranting future research. Such as the weed community shifts that may occur after long-term emergencebased management. Or changing weather patterns that will likely lengthen the growing season to the benefit of many weed species [START_REF] Peters | Weed Growth Properties of Amaranthus retroflexus, Echinochloa crus-galli and Setaria viridis as Influenced by Shifts in the Maize Cropping Season[END_REF]. The increased rainfall expected in Northeast USA may decrease the number of days when soils are dry enough to support tractor-drawn equipment, thereby increasing the importance of access to ample equipment and labor to conduct timely weed control efforts [START_REF] Birthisel | Review: How Will Climate Change Impact the 'Many Little Hammers' of Ecological Weed Management?[END_REF]. Likewise, timely control may be challenging on large-scale farms since it may require several days to cover the entire acreage. But perhaps fields or microclimatic areas with consistently early weed emergence could be managed first, and so forth, to allow control timing to mirror emergence trends.

Overall, previous studies were generally in agreement as to the season of peak emergence for each species. Variation in observed results likely reflected the climatic conditions of each study site. But our use of identical weather data in previous models also showed variation in emergence trends within species, highlighting the importance of local edaphic conditions and population-level differences. Nonetheless, prediction accuracy will improve as models become more advanced [START_REF] Royo-Esnal | Weed Emergence Models[END_REF] and farmers can further improve prediction reliability based on their own ground truthing and adjustments to model predictions in subsequent years. Furthermore, even our broad characterizations of peak emergence for each species (i.e., "late spring") may be used to improve management. Depending on management flexibility, knowledge of the season and pattern of weed emergence be used to improve the timing of control efforts, enhance crop competition, or expedite weed seedbank depletion.

FIGURE 1 |

 1 FIGURE 1 | Violin plots of emergence of the five most abundant weeds following tillage on different dates and locations; Old Town, ME (A); Durham, NH (B), Big Flats, NY (C), and Aurora, NY (D) (adapted from Cordeau et al., 2017b). Box plots (white) are presented within violin plots (black) and means represented by red dots.

FIGURE 2 |

 2 FIGURE 2 | Predicted time to 50% (peak) weed emergence based on growing-degree-day models. Emergence was modelled from a range of USDA Plant Hardiness Zones representing most of Northeast USA. Zones include 4a (circles), 5a (squares), 6a (triangles), and 7a (diamonds). Vertical lines represent the mean predicted time to 50% emergence across presented data for each species. Models were not available for all the species we investigated.

FIGURE 3 |

 3 FIGURE 3 | Depiction of tactics that may be used to target a hypothetical weed emergence peak (dotted area) occurring shortly after the typical crop planting. If the planting date or crop rotation is not flexible, frequent control of weed seedlings (A), overlapping residual herbicide applications (B), establishment of residue mulch (C), or some combination thereof may be used to target the peak emergence period. If the planting date or crop rotation are flexible, the peak emergence period may be targeted by delaying planting to allow pre-plant control of part of the flush (D), planting early at high density to expedite crop canopy closure (E), or adjusting rotation to allow for a bare fallow (F) or short-duration crop that concludes prior to weed seed production (G). Height of vertical bars represents the relative crop maturity. Physical or chemical weed seedling control actions are symbolized with an "x." Gradients represent the breakdown of residual herbicides or residue mulch over time.

FIGURE 4 |

 4 FIGURE 4 | Examples of crops that may be shifted to avoid of peak weed emergence periods occurring in the early (A, April-May), middle (B, June-July), or late (C, August-September) growing season of the cool, temperate climate of Northeast USA. Height of vertical bars represents the relative stage of crop growth.

TABLE 1 |

 1 Comparison of peak emergence of target weeds from previous studies.

	Species (Latin name)	Location	USDA plant	Observed peak emergence	Reference
			hardiness		
			zone*		
	Annual bluegrass (Poa annua L.)	California, USA	9	November 5	Shem-Tov and Fennimore, 2003
		Illinois, USA	6	Spring and autumn	Branham, 1991
		Legnaro, Italy	8	Late February	Masin and Macolino, 2016
		New York, USA	6	June 23 and Aug. 4	Cordeau et al., 2017b
		Maryland, USA	7	Late September to mid October	Kaminski and Dernoeden, 2007
		Scotland, UK	7	September	Lawson et al., 1974, as reported by
					Mohler, 2001
		Tennesssee, USA	7	Mid October	Taylor et al., 2021
	Barnyardgrass (Echinochloa crus-galli (L.)	Arkansas, USA	7	Late May	Bagavathiannan et al., 2011
	Beauv.)	Central Czech	6	May and June	Jursıḱ et al., 2014
		Republic			
		Massachusetts, USA	6	June, but through September	Vengris, 1965
		New York, USA	6	June 23	Cordeau et al., 2017b
		Northern Greece	7	April 20	Vasileiadis et al., 2016
		Ontario, Canada	5	June	Maun and Barrett, 1986
	Canada thistle (Cirsium arvense (L.) Scop.)	Idaho, USA	6	March and April	Hodgson, 1955
		Montana, USA	4	Early May	Hodgson, 1964
		New York, USA	6	April 28	Cordeau et al., 2017b
		North Dakota, USA	4	Early May	Donald, 2000
	Common chickweed (Stellaria media (L.) Vill)	England, UK	8	Early spring or late fall	Roberts and Dawkins, 1967
		Maine, USA	5	July 7	Cordeau et al., 2017b
		New Hampshire, USA	6	July 21	Cordeau et al., 2017b
		New York, USA	6	Mid September	DiTommaso, 2016
		Scotland, UK	7	August to October	Lawson et al., 1974, as reported by
					Mohler, 2001
	Common lambsquarters (Chenopodium	Central Czech	6	March and April	Jursıḱ et al., 2014
	album L.)	Republic			
		Maine, USA	5	April 28	Cordeau et al., 2017b
		Mid-Atlantic USA	8	May 11 to June 1	Myers et al., 2004
		Minnesota, USA	4	Late April	Harvey and Forcella, 1993
		New York, USA	6	Mid May	DiTommaso, 2016
		Northern/central Italy	8	Late April	Masin et al., 2012
		Ontario, Canada	5	Early June	Roman et al., 2000
		Quebec, Canada	4	May 30	Leblanc et al., 2004
		Scotland, UK	7	May	Lawson et al., 1974, as reported by
					Mohler, 2001
		Wisconsin, USA	4	June 11	Buhler et al., 1996
	Common ragweed (Ambrosia artemisiifolia L.) Illinois, USA	6	April and May, none after June 1	Stoller and Wax, 1973
		Mid-Atlantic, USA	8	April 7 to May 1	Myers et al., 2004
		Nebraska, USA	5	April 28	Barnes et al., 2017
		New York, USA	6	Early May	DiTommaso, 2016
		New York, USA	6	May 12	Cordeau et al., 2017b
		New York, USA	6	Prior to June 9	Dickerson, 1968
		Ontario, Canada	5	90% emergence prior to June 15	Bassett and Crompton, 1975
	Giant foxtail (Setaria faberi Herrm.)	Mid-Atlantic, USA	8	Sites ranged May 2 to May 24	Myers et al., 2004
		New York, USA	6	April 28	Cordeau et al., 2017b
		Ohio, USA	6	May 17	Cardina et al., 2007
		Wisconsin, USA	4	June 8	Buhler et al., 1996
	Hairy galinsoga (Galinsoga quadriradiata Cav.) Central Czech	6	June and July	Jursıḱ et al., 2014
		Republic			
		Maine, USA	5	May 26	Cordeau et al., 2017b
		Multiple locations	-	May and June, but continues throughout	Warwick and Sweet, 1983
				growing season	
		New York, USA	6	Early October (delayed due to drought)	DiTommaso, 2016
	Large crabgrass (Digitaria sanguinalis (L.)	Arkansas, USA	8	Spring	King and Oliver, 1994
	Scop.)	Legnaro, Italy	8	Mid to late May	Masin et al., 2005
		Mid-Atlantic, USA	8	Sites ranged May 18 to June 8	Myers et al., 2004
		New Hampshire, USA	6	April 28	Cordeau et al., 2017b
		New York, USA	6	April 28	Cordeau et al., 2017b
		Ohio, USA	6	June 1	Cardina et al., 2011
					(Continued)

TABLE 1 |

 1 Continued

	Species (Latin name)	Location	USDA plant	Observed peak emergence	Reference
			hardiness		
			zone*		
	Mouseear chickweed (Cerastium fontanum	New Hampshire, USA	6	August 4	Cordeau et al., 2017b
	Baumg.)				
	Perennial sowthistle (Sonchus arvensis L.)	New York, USA	6	July 21 and August 18	Cordeau et al., 2017b
		Uppsala, Sweden	5	Late April (from rhizomes)	Hakansson, 1969
		USA and Canada	5	Late May (from seed)	Lemna and Messersmith, 1990
	Quackgrass (Elymus repens (L.) Gould)	Canada and USA	5	Early spring (from seed)	Werner and Rioux, 1977
		England, UK	8	Spring and autumn	Williams, 1971
		Maine, USA	5	August 4 and September 1	Cordeau et al., 2017b
		New York, USA	6	June 9 and September 1	Cordeau et al., 2017b
	Red sorrel (Rumex acetosella L.)	New Hampshire, USA	6	September 1	Cordeau et al., 2017b
		Victoria, Australia	9	Autumn (from seed)	Amor, 1985
	Redroot pigweed (Amaranthus retroflexus L.) Central Czech	6	Late April and May	Jursıḱ et al., 2014
		Republic			
		Maine, USA	5	July 7 and August 18	Cordeau et al., 2017b
		New York, USA	6	April 28	Cordeau et al., 2017b
		Wisconsin, USA	4	June 8	Buhler et al., 1996
	Smooth crabgrass (Digitaria ischaemum	Maryland, USA	8	Early June	Fidanza et al., 1996
	Schreb. ex Muhl.)	New Hampshire, USA	6	June 9	Cordeau et al., 2017b
		New York, USA	6	May 12	Cordeau et al., 2017b
		Ohio, USA	6	May 10	Cardina et al., 2011
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