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Some plant species retain mature seeds in plant canopies aboveground which are released later during opportune windows for germination and establishment. This process, known as serotiny, can lead to aerial seedbanks that exist simultaneously with soil seedbanks. However, little is known about how serotiny affects the persistence of weed seeds in the aerial seedbank. A randomized-stratified survey of 117 sites in southern Alberta, Canada, was conducted in 2022 to determine whether the summer-annual tumbleweed Russian thistle (Salsola tragus L.) exhibits seed serotiny. The observational study confirmed that Russian thistle plants exhibit serotiny and that the seeds can exist simultaneously in aerial and soil seedbanks. On average, the plants sampled retained 332 ± 62 viable seeds plant-1 seven to eight months after senescence. This time frame followed winter and emergence of the subsequent generation of plants from the soil seedbank. Russian thistle plants that were attached to the soil retained about double (P = 0.0274) the number of seeds (549 ± 133 viable seeds plant-1) than those detached from the soil (270 ± 71 viable seeds plant-1), likely due to seeds dislodging during movement of the tumbleweeds with prevailing winds. Seeds persisting in aerial seedbanks could evade decay, predation, or lethal germination leading to seed mortality in the soil seedbank, and increase the likelihood of seed persistence and successful establishment of new plants in stressful environments.
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1 Introduction

Russian thistle (Salsola tragus L.) is a drought- and heat-tolerant annual tumbleweed that was introduced to the Americas in 1873 as a crop seed contaminant (Beckie and Francis, 2009). The plants are highly prolific and can produce >100,000 seeds in the absence of competition (Young, 1986). The seeds persist for about 1 year in the soil seedbank (Burnside et al., 1996). As a C4 plant, Russian thistle thrives in the dry, warm regions of western North America where it is well-adapted to outcompete cool-season C3 crops and other vegetation (Nord et al., 1999). It uses a substantial amount of water and depletes reserves available for crop production (Schillinger and Young, 2000). This tumbleweed can reduce spring wheat (Triticum aestivum L.) yields >50% and completely preclude crop harvest when present at high densities (Young, 1988; Young and Gealy, 1986). In a 2017 mid-season survey of annual crops, Russian thistle was the 5th most abundant weed species in the Mixed Grassland ecoregion of Alberta, Canada, where it was found to the greatest extent in lentil (Lens culinaris Medik.) and durum wheat (Triticum durum Desf.) fields (Leeson et al., 2019). Russian thistle infested about 41 million ha of the western USA by 1990 (Young, 1991) and costs farmers in the Pacific Northwest >$50 million each year in reduced crop yields and additional control measures (Young et al., 2008).

Russian thistle was one of the first known herbicide-resistant weeds in western Canada (Morrison and Devine, 1994). Acetolactate synthase (ALS) inhibitor-resistant Russian thistle were documented in Montana and Washington state in 1987 and in Saskatchewan in 1989 (Heap, 2023). A 2017 survey of Alberta showed that 62% of the Russian thistle populations sampled were ALS inhibitor-resistant (Beckie et al., 2019), which increased to 74% by 2021 (CM Geddes, unpublished research). However, a similar survey of Manitoba did not find ALS inhibitor-resistant Russian thistle (Geddes et al., 2022a). Recent confirmation of glyphosate-resistant Russian thistle in Montana, Washington, and Oregon (Barroso, 2017; Kumar et al., 2017) indicates that continued selection for herbicide resistance is eroding the options available for herbicidal control of this species.

The soil seedbank represents an opportune window for management of most annual weeds because the establishment of subsequent generations relies on seeds entering the soil (Davis, 2006). However, the soil seedbank can be a more-transient target for the management of weeds like kochia [Bassia scoparia (L.) A.J. Scott] where serotiny results in aerial seedbanks that persist simultaneously with soil seedbanks (Geddes and Pittman, 2023). Lamont (1991) defined serotiny as “retention of at least part of the seed crop on the plant in the presence of the succeeding crop”. In this context, non-serotinous plants release all of their seeds at maturity and do not retain seeds in an aerial seedbank. More commonly used to classify tree species where fire triggers seed release from the plant canopy (Lamont and Enright, 2000), the concept of serotiny has been overlooked as a mechanism aiding weed population persistence. Indeed, weed seeds persisting in plant canopies would not be subject to the same microbial decay, predation, or lethal germination often causing seed mortality in the soil seedbank. Since other species in the Amaranthaceae family exhibit serotiny (Gao et al., 2014; Bhatt et al., 2019; Geddes and Pittman, 2023), we set out to determine whether this too could aid in persistence of Russian thistle. The study objectives were to determine (a) whether Russian thistle plants exhibit serotiny by retaining seeds in aerial seedbanks; and if so, (b) how many viable seeds were retained by Russian thistle plants following the winter, seven to eight months after plant senescence, and following emergence of the subsequent generation of plants.




2 Materials and methods

A randomized-stratified survey of 117 sites in southern Alberta, Canada, was conducted in May 2022. The survey coincided with 12 to 13 months after emergence of the Russian thistle plants and about seven to eight months after their senescence in the fall (Beckie and Francis, 2009). It also took place after the subsequent generation of Russian thistle plants had emerged from the soil seedbank (CM Geddes, personal observation). The survey targeted a 1.9 million ha area of southern Alberta, Canada, including the counties of Forty Mile, Lethbridge, Taber, and Warner where Russian thistle was most abundant (Leeson et al., 2019). The number of surveyed sites within each county was stratified based on cultivated area. Locations within each county were chosen at random and the nearest site with visible tumbleweeds was sampled. Further inspection identified the plants as kochia and/or Russian thistle, the two predominant tumbleweed species in the region. When Russian thistle were present, all aboveground biomass from a single plant was sampled and placed in a cotton sac. Each plant sample and site were categorized based on the site classification system outlined by Geddes and Pittman (2023). In brief, classification categories included stem attachment (attached to or detached from the soil), plant status (full plants or partial plants with missing branches or decapitated during crop harvest operations), site description (field access, roadside ditch, fence, field, oil well, or treeline), nearest preceding crop (cereal, oilseed, pulse, pasture, potato (Solanum tuberosum L.), or not applicable), and county (Forty Mile, Lethbridge, Taber, or Warner).

The plant samples were dried at 30°C for a maximum of 7 days and dry weight was determined. Each sample was threshed by hand and the seed bulk weight determined. The number of viable seeds in each sample was quantified using a modified version of the grow-out procedure reported by Geddes and Pittman (2023). A 2.0 g subsample was shallow planted (2 mm depth) in a 52 × 26 × 5 cm greenhouse flat filled with Cornell soil-less potting medium (Sheldrake and Boodley, 1966) supplemented with 750 mg N, 950 mg P, and 500 mg K L-1 mixture. The flats were placed in the greenhouse and watered daily by soaking from the bottom. The greenhouse was set to a 20/18°C temperature regime with a 16 h photoperiod and 230 µmol m-2 s-1 supplemental light from Fluence RAZR 3 light emitting diode bulbs (Fluence, Austin, TX). Emerged Russian thistle seedlings were counted and removed weekly. The grow-out period lasted four weeks, after which the samples were cold stratified at -20°C for four weeks then returned to the greenhouse. The total number of Russian thistle seedlings that emerged throughout three rounds of the grow-out/cold stratification procedure were summed and considered the number of viable seeds in the subsample. This was used with seed bulk weights to back-calculate the number of seeds retained by each Russian thistle plant.

Seed retention data were subject to analysis of variance (ANOVA) using general linear models in R v.4.3.1 (R Core Team, Vienna, Austria). A separate model was fit for each classification category. The assumptions of ANOVA were assessed using the Shapiro-Wilk statistic and by plotting the residuals and fitted values. Data were square-root transformed. Significant differences were determined using α = 0.05. Data were visualized by developing violin plots using the ‘ggplot2’ package. The sampled sites were mapped using QGIS 3.22.2 (QGIS Geographic Information System, Open Source Geospatial Foundation).




3 Results

Russian thistle were present at 45 of the 117 sites surveyed (Figure 1). The Russian thistle plants retained 332 viable seeds plant-1 on average (median of 193 viable seeds plant-1) about seven to eight months after plant senescence (Table 1). This time frame followed the winter period and spring emergence of the subsequent generation of plants. The number of seeds retained ranged from 0 to 2055 viable seeds plant-1. Seed retention was about double (549 viable seeds plant-1) for plants attached to the soil compared with those detached from the soil (270 viable seeds plant-1) (P = 0.0274) (Table 1; Figure 2). Similarly, partial plants that were either missing branches or decapitated during crop harvest had 60% lower seed retention (200 viable seeds plant-1) than full plants (498 viable seeds plant-1) (P = 0.0280). Both detached and partial plant classifications had positively skewed leptokurtic seed retention distributions (Table 1). This was due to a larger proportion of samples with low seed retention compared with the more evenly-distributed seed retention for attached and full plants (Figure 2). Site description, nearest preceding crop, and county were not associated with Russian thistle seed retention (P ≥ 0.1029) (Table 1).




Figure 1 | Map of southern Alberta, Canada, showing the locations of the 45 sites sampled in May 2022 to evaluate over-winter seed retention on Russian thistle (Salsola tragus) plants. Names on the map and bold polygons represent the four counties sampled. Base layers: ecoregions (Agriculture and Agri-Food Canada, A National Ecological Framework for Canada: GIS data, http://sis.agr.gc.ca/cansis/nsdb/ecostrat/gis_data.html); municipal boundaries (Altalis Ltd., Calgary, AB, Canada, www.altalis.com); cities (Statistics Canada, http://www12.statcan.gc.ca/census-recensement/index-eng.cfm). Map projection: NAD83/Alberta 10-TM.




Table 1 | Descriptive statistics for the number of seeds retained on Russian thistle (Salsola tragus) plants during the spring (May 2022) after plant senescence the previous fall as a function of stem attachment, plant status, site, nearest preceding crop, and county in southern Alberta, Canada.






Figure 2 | Violin plot showing observed over-winter seed retention on Russian thistle (Salsola tragus) plants evaluated in the spring (May 2022) following plant senescence the previous fall as a function of stem attachment (A; P = 0.0274) and plant status (B; P = 0.0280).






4 Discussion

The current study confirmed that Russian thistle exhibits weak serotiny resulting in simultaneous aerial and soil seedbanks. Russian thistle plants typically produce between 4,600 and 152,100 seeds depending on competition, ranging up to 200,000 seeds plant-1 (Young, 1986; Schillinger and Young, 2000). Based on average plant fecundity reported by Young (1986) and Schillinger and Young (2000) (4,600–152,100 seeds, competition dependent), our results suggest that Russian thistle retained ≤7% of the total number of seeds produced on average, ranging from 0% to 45%. Thus, Russian thistle serotiny was less than the 19% of seeds retained on average (ranging from <1% to 87%) for kochia plants collected during a comparable time frame (Geddes and Pittman, 2023), despite their similar phenology. If serotiny serves as a mechanism to aid in population persistence by enhancing the likelihood of establishment, then the differing magnitude of seed retention exhibited by these species could explain, in part, the more-rapid spread of herbicide resistance traits in kochia compared with Russian thistle (Beckie et al., 2019; Geddes et al., 2022a, b, 2023). Nevertheless, mean Russian thistle seed retention of 332 viable seeds plant-1 during the time of crop seeding in spring represents a substantial aerial seedbank. Seeds in this aerial seedbank could evade decay, predation, or lethal germination often subject to seeds in the soil seedbank. The physical disturbance of senesced plant tissue that occurs during crop seeding may dislodge retained seeds, thereby seeding Russian thistle with the crop and avoidance of non-residual pre-plant weed management tactics.

It was not surprising that over-winter seed retention was lower on Russian thistle plants that were detached from the soil or partial plants that were missing branches or decapitated during crop harvest. Russian thistle stems can break following senescence in the fall, forming a tumbleweed that travels across the landscape with wind (Beckie and Francis, 2009). The disturbance caused by tumbling dislodges seeds and disperses them along the travel transect (Stallings et al., 1995). This could explain the lower number of seeds retained on detached plants compared with those anchored to the soil. Similarly, lower seed retention on partial plants was expected since the loss of seed-producing branches undoubtedly leads to lower seed production in the absence of late-season reproductive compensation.

Prior to the current study, it was assumed that all Russian thistle seeds enter the soil seedbank in the fall where they are subject to processes leading to seed mortality over winter, and that population persistence was a direct function of seeds avoiding mortality in the soil seedbank. However, our research suggests that Russian thistle persistence is a function of seeds persisting in both aerial and soil seedbanks where they are not necessarily subject to the same fates. Therefore, contribution of aerial seedbanks to Russian thistle persistence warrants further investigation. As suggested previously for kochia (Geddes and Pittman, 2023), seed persistence in aerial and soil seedbanks could represent an adaptive bet-hedging strategy that promotes asynchronous seedling recruitment events in the drought-prone environments where Russian thistle is known to occur. A similar mechanism has been noted for other halophytic species in the Amaranthaceae family such as sand rice [Agriophyllum squarrosum (L.) Moq.], saltwort species (Seidlitzia rosmarinus Bunge ex Boiss.), and salt bush (Halothamnus iraqensis Botsch.) that occur in high-stress desert dune ecosystems (Gao et al., 2014; Bhatt et al., 2019).

Simultaneous persistence of Russian thistle seeds in aerial and soil seedbanks could impede the efficacy of management tactics targeting only the soil seedbank. However, post-harvest disturbance in arable agroecosystems, such as fall harrowing, may promote dehiscence of seeds retained in the plant canopy and concentrate the population in the soil. Management tactics targeting the Russian thistle aerial seedbank warrant future research. The current study suggests that persistence of Russian thistle populations from year to year is not a direct function of seed persistence in the soil seedbank as previously thought. Instead, seed persistence in aerial seedbanks must also be considered when developing an integrated weed management program targeting Russian thistle. Since the density of seeds present in both aerial and soil seedbanks is limited by the amount of seed produced by Russian thistle plants, management tactics aimed at reducing seed production could limit replenishment of seed reserves regardless of whether they are present in the soil or plant canopy.
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