[image: image1]A novel multi-species seed pelleting method to improve the efficiency of seed-based ecological restoration

		METHODS
published: 30 June 2025
doi: 10.3389/fenvs.2025.1595530


[image: image2]
A novel multi-species seed pelleting method to improve the efficiency of seed-based ecological restoration
Simone Pedrini*
School of Molecular and Life Sciences, Curtin University, Perth, WA, Australia
Edited by:
Vinicius Londe, Independent Researcher, Bothell, United States
Reviewed by:
Diego Souza, Ministério Público do Estado de Minas Gerais, Brazil
Matthew Madsen, Brigham Young University, United States
* Correspondence: Simone Pedrini, simone.pedrini@curtin.edu.au
Received: 18 March 2025
Accepted: 17 June 2025
Published: 30 June 2025
Citation: Pedrini S (2025) A novel multi-species seed pelleting method to improve the efficiency of seed-based ecological restoration. Front. Environ. Sci. 13:1595530. doi: 10.3389/fenvs.2025.1595530

Innovative and practical technological solutions are needed to support the restoration of degraded terrestrial ecosystems. Seed coating technology applied to native species is a promising solution to improve the efficiency of seed-based ecological restoration. Seed pelleting is a type of seed coating that increases the size and standardises the shape of small seeds, facilitating precision seeding. Such technology has been tested on native species, but in previous studies, the pelleting process was performed with one species at a time (Single Species Pelleting, SSP). Although effective, such an approach might be too costly when applied to the many species required to restore highly diverse ecosystems. Here, we present a novel method for seed pelleting multiple small-seeded species (MSP) in a single pass. Seeds of different species are mixed and then sorted by size through a series of sieves. The pelleting process starts with the smallest seeds. When the pellet reaches the size of the second-smallest seeds, those are added to the mix until they all reach the size of the third-smallest seeds. The process is repeated until all seeds are added and all pellets reach a uniform target size. To assess the efficacy of this new method, the time required to perform the pelleting and the associated cost on two batches of 13 and 19 species were compared to the SSP. The MSP allowed for pelleting times 5.6 to 10.2 times faster and a 3.1 to 3.9-fold reduction in cost compared to the SSP approach. The MSP approach is an effective method for increasing the efficiency of seed pelleting on diverse restoration mixes. Ultimately, the MSP technology combined with broad-acre seeding agricultural equipment has the potential to drastically increase the scale and effectiveness of seed-based restoration of degraded terrestrial ecosystems.
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1 INTRODUCTION
A majority of terrestrial ecosystems have been damaged, degraded or destroyed to some degree by the direct and indirect impact of human activities such as land clearing, deforestation, unsustainable land use, introduced invasive species, and climate change (Nellemann and Corcoran, 2010). Such degradation directly impacts human wellbeing by eroding the natural capital and services that healthy ecosystems provide (Bai et al., 2013; Dean et al., 2021; Hasan et al., 2020) and threatens biodiversity (Ceballos et al., 2015; López-Bedoya et al., 2022).
Reducing societal impact and conserving the remaining healthy ecosystems are hence priorities (WWF, 2020); however, to reverse the degradation trend, it is necessary to restore degraded ecosystems (Holl and Aide, 2011). Ecological restoration is defined as the process of assisting the recovery of an ecosystem that has been degraded, damaged, or destroyed. The Society for Ecological Restoration (SER) developed a set of standards to guide the planning, implementation, monitoring and evaluation of restoration projects and provide clear definitions of what should be considered ecologically sound restoration (Gann et al., 2019) and in 2021, the United Nations launched the global initiative “UN Decade for Ecosystem Restoration” to promote international collaboration and set ambitious global restoration goals (United Nations, 2021).
Ecological restoration often relies on the vegetation recolonising degraded areas from neighbouring healthy ecosystems in a process known as natural regeneration (Chazdon et al., 2020). However, when degradation is too advanced, and remnant vegetation is too distant or fragmented, natural regeneration alone might not be enough, and it is often supported by the active reintroduction of vegetal material, namely, nursery-grown seedlings and seeds (Di Sacco et al., 2021).
1.1 Seed-based restoration
Seed-based ecological restoration is becoming an increasingly popular and cost-effective approach to re-establish native vegetation in a degraded site (Larson A. J. S. et al., 2023). It relies on using species-rich seed mixes that represent the vegetation community of a reference native ecosystem (Gann et al., 2019). For seed-based restoration to be performed at scale, the local native seed supply chain should be able to provide seed in the quantity, quality and species diversity required (Pedrini and Dixon, 2020). Unfortunately, in most scenarios, seed availability is not enough to meet demand, the quality is poor or unknown (Gibson-Roy et al., 2021), and in areas where the supply is overreliant on direct seed collection from natural populations, the cost can be prohibitive (Brancalion et al., 2019; Pedrini et al., 2022). Even when seeds are available, seed delivery to the site needs careful planning, site preparation, and impeccable timing to maximise the chance of successful seedling emergence and plant establishment (Shaw et al., 2020).
1.2 Direct seeding
Various seeding approaches have been tested for delivering seeds to site (Masarei et al., 2019). Precision seed delivery (seed drill), whereby seeds are incorporated into the soil, has usually proved more effective than broadcasting seeds on the soil surface (Svejcar et al., 2022). Precision seeding equipment and methods are often derived from agricultural equipment developed to handle a specific type of seeds (e.g., wheat, canola) and, therefore, struggle to handle the high variability in size and morphology of native seed mixes. A high degree of customisation of seeding machines can account for such complexities, but that often comes at the expense of seeding speed and scale (Shaw et al., 2020). Moreover, accommodating the variability of a native seed mix in a single seeding device necessitates compromises that might favour seeds with certain traits over others.
For example, during transport and seeding, vibrations can cause seeds to be separated (segregation) based on size and density, with smaller and denser seeds ending in the lower part of the hopper (Liu et al., 2013; Rosato et al., 2002). This would then result in an uneven distribution of species across the site. Using bulking agents, such as vermiculite or sand, could overcome this issue but further increase logistical complexities, including sourcing the material, delivering it to the site and ensuring constant mixing with the seeds, which would slow down seeding operations.
1.3 Seed enhancement technologies
Another approach to improving seeding efficiency is directly modifying seed shape and size to reach a more homogenous mix. This is often achieved via seed processing by removing (Barberis et al., 2023) or reducing (Berto et al., 2020; Guzzomi et al., 2016) appendages (e.g., awns and hairs in grass florets) that can impact seed flow (e.g., bridging). A further step involves applying fine powders (fillers) and binders to the seed to modify its shape, size and density via seed coating (Brown et al., 2021; Halmer, 2008; Pedrini et al., 2017; Taylor et al., 1998). There are different kinds of seed coatings, and the one that modifies the shape and size of the seed unit the most, seed pelleting, can be effective in improving seed delivery efficiency, especially in small-seeded species. (Gornish et al., 2019; Hoose et al., 2019).
Like seeding equipment, such technology originated in the crop and horticulture seed industry and has been developed to pellet one species at a time (Afzal et al., 2020). When applied to native species for ecological restoration, most studies have performed seed pelleting on individual species (Beveridge et al., 2020; Hoose et al., 2019; Madsen et al., 2014; Pearson et al., 2019; Pedrini et al., 2023; Turner et al., 2006; Westbrook et al., 2023). This allows for species-specific customisation of pelleting recipes, accounting for factors such as germination requirements, which may improve establishment outcomes. However, this approach presents some practical drawbacks when applied to diverse seed mixes. A recent study by Pedrini et al. (2023) highlights that the time required to pellet seeds of 15 small-seeded Myrtaceae species ranges between 37 and 188 min per species, with an average of 98 min. This means that the more diverse a mix is, the longer and more expensive the pelleting will be, making the process economically non-viable, thus nullifying any potential increased efficiency of seeding with pelleted seeds.
This paper describes a novel approach that overcomes such logistical issues by pelleting seeds of multiple small-seeded species in a single pass while maintaining singulation (one seed per pellet), thus potentially reducing the time and cost associated with seed pelleting.
The first part of the methods section (4. 1 Multispecies pelleting method) provides a detailed explanation of the process.
In the second part of the methods section (4.2 Method testing and validation) and the results section, two case studies of the multispecies pelleting approach (MSP), of 13 and 19 species, are presented and compared with a model that estimates the time and cost that would have been required if those species were pelleted using the traditional single-species method (SSP). Such a model was built using data from 32 pelleted seed batches belonging to 28 species of comparable size and traits to the ones tested with the MSP.
This preliminary analysis comparing the time and cost associated with both methods provides a general indication of the potential efficacy and impact of the MSP approach.
2 MATERIALS AND EQUIPMENT
2.1 Equipment selection
Seed pelleting, defined as the process of adding material to a seed until its original shape is no longer evident (Pedrini et al., 2017), is generally performed by alternatively applying a liquid binder and a fine powder (filler) until the seed is covered, the predetermined amount of pelleting material is fully used, or the desired pellet size is reached.
The most commonly used equipment for pellet seeds are rotating pans (Scott et al., 1997) and rotary coaters (Halmer, 2008).
As the name suggests, a rotating pan consists of a circular pan with raised sides to retain seeds and material inside the pan, similar to a cement mixer. The rotating motion allows the seed mass to be constantly mixed while sitting on the lower part of the pan, ensuring even distribution of pelleting material among all the seeds. The friction exercised by the pellets tumbling on each other results in the compaction and shaping of pellets into approximately spherical shapes (Bennett and Lloyd, 2015; Gregg and Billups, 2010).
A rotary coater (or rotor-stator) consists of a vertical metal drum (stator) with a rotating concave disk (rotor) at its bottom. Seeds are placed in the drum, and the bottom disk’s rotation causes the seeds’ mass to rapidly move along the lower side of the wall. Material is then added to the mass of moving seeds. Deflectors mounted on the inward-looking side of the drum ensure proper mixing of seed and material. A constant flow of air is usually forced in the gap between the edge of the disk and the wall of the drum to avoid material and seeds falling through the gap.
The rotary coater is often preferred for native seeds (Pedrini et al., 2020) as it allows for faster operations and is generally easier to operate. However, it can present problems with very small-seeded species, as they can either get stuck in the small gap between the drum or be blown out of the pan by the airflow. A rotating pan was preferred in this study because we focused on pelleting small-seeded species.
2.2 Setup and material
The machine used was a PC-S rotating 340 mm segmented pan (Hoopman, Aalten, NL), connected to a peristaltic pump and compressed air line for precision delivery of liquid binder via spray gun mounted on an adjustable arm (Figure 1). Pan rotation speed and liquid feed rate from the peristaltic pump can be adjusted from the control panel. Spray intensity and liquid delivery rate can be fine-tuned directly on the spray gun by rotating the front nozzle and nob on the back of the gun, respectively.
[image: Figure 1]FIGURE 1 | Seed pelleting station setup: (A) rotating pan, (B) control panel, (C) peristaltic pump, (D) liquid binders, (E) spray gun mounted on an adjustable arm, (F) fine powders, paintbrush and strainer, (G) set of sieves, (H) graduate volume cylinder (I), precision balance and, (J) larger replacement rotating pan. A list of items and costs is provided in Supplementary Material S1.
The liquid binder used across all batches was an 8% solution of Polyvinyl alcohol (Glow Paint Industries, Urangan, QLD, Australia) without colour for the internal layer and with a dye (SATEC, Elmshorn, Germany) for the external layer. The powder used for the internal layer was micronised Azomite® (Dr Greenthumbs, Bellambi, NSW, Australia) and talcum powder was used for the external finishing layer. Azomite was chosen for ease of pelleting (regular pellet shape), relatively high density, and limited impact on germination (Pedrini et al., 2023), while finishing the talc layer was selected to improve pellets’ mechanical resistance, reduce azomite dust-off and allow even and easier colouring of the final layer. The powder was manually dusted on the seed with a paintbrush or strainers. A set of sieves of mesh size ranging from 0.25 mm to 2.36 mm was kept next to the pelleting station for sorting pellets during and after pelleting operations. A dehydrator (Sunbeam, Boca Raton, FL, United States) is also needed to dry the seed after the pelleting process.
Such materials were selected based on previous experiences (Pedrini, 2019) and published protocols (Pedrini et al., 2023) but are just one of many potential material combinations. Material selection should be informed by availability, cost, the desired pellet properties (e.g., density, mechanical resistance, water permeability), and the potential effect of the material on seed germination and seedling establishment.
3 METHODS
3.1 Multispecies pelleting method
This section provides a detailed explanation of the preparatory, pelleting, and post-pelleting steps. Ideally, such instruction would guide researchers and practitioners in testing the MSP method, acknowledging that customisation and improvement might be needed to address specific needs and equipment availability.
3.1.1 Preliminary seed processing and quality testing
Before pelleting, the seed batch of each species used in the mix is processed to remove appendages and inert material as far as practical (Frischie et al., 2020). Once seeds are cleaned to a satisfactory level, they are tested for purity and viability following the methodology described by Pedrini et al. (2022), thus determining the thousand pure seed unit weight (TPSU) and the quality of a seed batch, expressed as Pure Live Seed % (PLS). Such information is essential in determining how much of each seed batch should be used in the mix.
3.1.2 Seed mix composition
Species composition and seed quantity in a restoration mix should be based on the community of the reference ecosystem and the size of the site to be restored (Erickson and Halford, 2020).
Once the target for species composition and relative abundance is set, the number of seeds for each species can be determined by estimating the number of PLS to use. The PLS number can then be converted to a weight value using the results of the seed quality test, and each species comprising the mix can be weighted. Species whose seed size (diameter) is large enough (e.g., >1.6 mm) can be set aside as they do not require pelleting and will be mixed with the pelleted species before seeding. If the density of larger seeds differs from that of pelleted seeds, those can be coated lightly (encrusted) to increase homogeneity and avoid seed separation during seeding.
All species with smaller seed sizes are mixed, and the total weight and volume are recorded.
3.1.3 Seed sorting by size
The seeds in the mix are sorted by size by running them through a series of sieves or perforated screens stacked in decreasing mesh size order. This process allows the entire mix to be subset into various size classes according to the sieve size range. For example, all seeds can be grouped as size XS (0.25 mm–0.425 mm), size S (0.425 mm–0.6 mm), size M (0.6 mm–0.8 mm), size L (0.8 mm–1.0 mm) size XL (1.0 mm–1.2 mm). Each size class is kept in separate containers for later use during the pelleting process (Figure 2).
[image: Figure 2]FIGURE 2 | Step-by-step process of the Multiple Species Pelleting (MSP) approach: 1) test the quality of each seed lot to be used in the mix and, if necessary, process the low-quality lots to improve purity and viability; 2) mix all the lots in the desired relative quantities; 3) sort the seed mix according to size using a series of stack sieves and place the different seed size fractions in separate containers; 4) place the smaller seeds (XS) in the rotating pan and, by alternating the delivery of binder and filler, increase the seed size until they reach the size of the second fraction (S); then add the S fraction until it reaches the size of the M fraction. Repeat this process until all seeds are pelleted and the desired final size range is reached. During the process, pellets are routinely removed from the pan and sieved. If they have reached the desired size, they’re set aside; if not, they are placed back in the pan and the pelleting process resumed; 5) remove the pellets from the rotating pan once they’ve all reached the final size and dry them; 6) test the quality of pelleted seeds. The weight of the lines represents the number of seeds or pellets, and the line colours represent different species (green), seed mixes (oranges and brown) and pelleted seeds (blue).
3.1.4 Seed pelleting process
The seeds of the smallest size fraction (e.g., 0.25 mm–0.425 mm) are placed in the pan, and then rotation is activated. It is useful to set the pan rotation speed to low (25–30 rpm) in the early phases as it allows better control of material delivery and visual assessment of seeds. Rotation speed can be increased (30–40 rpm) as the size of the pellets increases.
The first step in the process is to gradually (slow intensity, low rate) add liquid binder to the seed mass, carefully avoiding seeds sticking to the pan or forming clumps of multiple seeds (agglomerates) due to the liquid being added too quickly. Both issues can be solved by gently pressing on the seed mass and the drum with a dry brush.
After wetting, a small amount of powder is added using a paintbrush or a fine-meshed tea strainer. If excessive powder is delivered, the powder that fails to adhere to the seed surface can clump and form pellets that contain no seeds (“dead balls”).
The early phase of pelleting build-up on the smallest seeds is the most delicate, requiring a careful balance between wetting and dusting. Constant visual assessment is required to avoid agglomerates and dead balls. By rapidly alternating small wetting and drying cycles, seeds will first become encrusted (when the shape of the seed is still apparent) and then turn into almost spherical pellets. It is good practice to remove all of the pellets periodically from the pan, run them through sieves and set aside the ones that have reached the next size class. The rest can be returned in the pan for further pelleting.
Once the majority of pellets remain in the larger mesh size sieve (e.g., 0.425 mm), it means that they have reached the desired size. The seed of the next size class (e.g., 0.425–0.6 mm) can then be added to the pelleted seeds, the mix returned to the pan, and the process repeated until the next size range is reached (Figure 2).
These steps are repeated until the seeds of all size ranges have been added. It is worth noting that as the number of seeds increases along with the size of each pellet, the process can be accelerated by raising the liquid delivery rate and providing powder with larger strainers. If available, a mechanical powder feeder can be used at this stage, and the pan’s rotation speed can also be increased (45 rpm).
Once most pellets have reached the desired diameter (e.g., 1.6–2.00 mm), a final thin layer is built using talc instead of Azomite. At this stage, the previously transparent liquid binder can be replaced with a coloured one. This final layer can help smooth the external pellet surface, improve the pellets’ mechanical integrity and reduce the loss of dry powder due to friction during transport and deployment (dust-off).
Once the pelleting process is terminated, all pellets are placed on fine mesh trays and dried at 35°C for 3 hours in a dehumidifier (Sunbeam, Boca Raton, FL, United States). After drying, pelleted seeds are weighed, and volume is recorded.
3.1.5 Pellet quality test
The total time required for the pelleting operation (excluding drying) and the quantity of material used can be recorded. Compression and crush tests (Pedrini et al., 2018) can then be performed. The compression test is performed by sampling the mechanical integrity of ten randomly selected pellets with a Digital Force Gage (Polygon Instrument Ltd., Shenzhen, China). The crush test is performed by wetting and crushing 50 randomly selected pellets to quantify the number of units that achieved singulation (one seed per pellet), agglomeration or were empty (Figure 3).
[image: Figure 3]FIGURE 3 | Post-pelleting drying and quality testing. (A) Pellet drying at 35°C in a dehumidifier. (B) Compression test performed with a force gauge on ten randomly selected pellets to record the force required to compromise the mechanical integrity of each pellet. (C) Crush test on 50 randomly selected pellets to asses how many seeds are present in each pellet: one (singulation), none (dead balls), or multiple (agglomeration). Wetting the pellet before the crush test facilitates seed extraction.
3.2 Method testing and validation
3.2.1 Seed selection, processing, quality testing and pelleting
To compare the efficacy of single-species (SSP) and multiple-species pelleting methods (MSP), 64 seed batches belonging to 56 small-seeded species native to Western Australia were used. Of the chosen species, 44 belonged to the Myrtaceae family, 5 to Chenopodiaceae, 3 to Fabaceae, 2 to Hemerocallidaceae, 1 to Asparagaceae and 1 to Proteaceae. 32 batches of 28 species were pelleted using the traditional SSP approach. Two seed mixes of 13 and 19 species were used to test the MSP approach (see Supplementary Tables S2, S3). The selection of the species used for both the SSP and MSP was based on a few considerations: 1) Seed availability: pelleting was possible for batches for which a sufficient quantity of seed was available after the seeds were cleaned. 2) Seed size: species whose seeds were already large enough (e.g., Acacia or Banksia) and would not benefit from the increase in size and volume were excluded, and just small-seeded species (seed weight <5 mg) were pelleted. 3) Need for revegetation: the list of species of interest and seeds were provided by organisations, such as mining companies, public agencies (Main Road) and Aboriginal corporations (ETNTAC) that would have used the seeds for various restoration programs.
The seeds were supplied by industry partners (mining companies and Aboriginal corporations) or purchased from local commercial seed suppliers.
Before pelleting, the seed batches that required cleaning were processed to extract seeds from the pericarp (Chenopodiacea) and remove inert material (Myrtaceae) as far as practical.
Once seeds were cleaned to a satisfactory level, they were tested for purity and viability, thus determining the thousand pure seed unit weight (TPSU) and the quality of a seed batch, expressed as Pure Live Seed % (PLS).
Seed pelleting was performed on single species (SSP) from June 2020 to December 2022, following the methodology described by Pedrini et al. (2023). Multiple species pelleting (MSP) using the methods described earlier was performed in May 2022 on a 13-species mix to be used in a restoration project in the Avon Wheatbelt (AVW) bioregion region in Western Australia and in June 2023 on 19 Myrtaceae species from the Esperance plain (ESP) bioregion region in Western Australia.
3.2.2 Pelleting time and cost estimate
Because the MSP and SSP were not performed as part of a single experiment, and different species were pelleted over several years, I could not use statistical inference to directly test a hypothesis (e.g., that MSP is cheaper and faster than SSP). However, because the data collected for each pelleted batch were standardised (e.g., type and quantity of material used, seed quantity, pelleting time), I used this information to build a linear model to explore potential cost and time outcomes across treatments. This approach can be described as a predictive modelling exercise using standardised observational data. While it does not allow for formal statistical inference due to the absence of experimental control, it provides a practical framework for estimating trends and potential differences in cost and time between MSP and SSP treatments.
Data on the material used and process duration were collected for SSP and MSP. The cost of fine powders was estimated at 15 $/kg, the cost of the liquid binder at 12 $/kg and the hourly rate of the pelleting technician at 50 $/hour. As the price of seeds was not available for all species, the average cost of a Thousand Pure Live Seeds at the family level, as quantified by Pedrini et al. (2022), was used.
To allow for a comparison of the two methods, I estimated the time that would have been required for each species in the MSP if they were pelleted as SSP. This was achieved by developing a linear model using the data from the 32 SSP batches in MS Excel. A series of pelleting parameters were considered and plotted against pelleting duration (time) to identify the one that would provide the best fit. The parameters considered were: 1) increase in batch weight (xWeight), 2) batch volume (xVolume), and 3) unit weight (xTPSU) before and after pelleting. The equation of the regression line of the parameter with the best fit was then used to estimate the pelleting duration time.
The recorded pelleting time does not take into account the time required for preliminary and post-pelleting operations, such as equipment and material seed set-up, pellets handling for drying, quality tests, and equipment clean-up. To account for such activities, 30 min for SSP and 45 min for MSP (for mixing and separating seeds in size classes) were added to the recorded and estimated pelleting duration time.
4 RESULTS
4.1 Single species pelleting (SSP)
The average seed weight of a batch before pelleting was 3.82 ± 0.28 g and was increased to 77.45 ± 18.09 g after pelleting for an average increase of 18.58 ± 3.49 fold (xWeight). The average volume per batch was 6.31 ± 0.49 mL before pelleting and was increased by 16.38 ± 3.09 fold (xVolume) to 94.51 ± 19.89 mL. The average weight of a thousand pure seed units was increased by 18.16 ± 3.18 times (xTPSU) on average, from 0.76 ± 0.14 g to 6.27 ± 0.43 g. The average duration of the pelleting process, without accounting for 30 min of pre and post-pelleting operations, was 87.66 ± 9.06 min, ranging from a minimum of 23 min for Gastrolobium capitatum, to a maximum of 210 min for Calothamnus quadrifidus (see Supplementary Table S2).
When pelleting parameters were plotted on a linear model against the pelleting duration (min), the best fit was identified for Thousand Pure Seed Unit weight increase (xTPSU, R2: 0.702), followed by weight increase (xWeight, R2: 0.641) and volume increase (xVolume, R2: 0.583) (Figure 4).
[image: Figure 4]FIGURE 4 | Linear models developed using the data from 32 SSP batches. The models relate the pelleting duration (Y-axis) to three variables: (A) the increase in Thousand Pure Seed Unit weight (xTPSU), which is the fold increase of TPSU of the seeds before pelleting and the pellets, (B) the increase in batch weight before and after pelleting and (C) the increase in volume. On the top corner of each scatter plot, equations of the trend line and R2 of the model are reported.
4.2 Multiple species pelleting (MSP)
The MSP from the Avon Wheatbelt bioregion (AVW) batch consisted of 13 species for a total seed weight of 57.08 g at an average TPSU of 1.186 ± 0.46 g and an estimated 107,750 Pure Live Seeds. Seeds were pelleted for 362 min, using 790 g of liquid binder and 1,810 g of powder until most pellets reached the targe size range of 2 mm–2.36 mm, for a total weight of 1,118 g and a TPSU of 9.376 g. When quality tested, 4% of the pellets were empty (dead balls), 76% contained one seed, and 20% contained two or more seeds (Figure 5). An estimated total of 115,616 pellets were produced, 110,994 of which were filled.
[image: Figure 5]FIGURE 5 | Forms and picture of MSP mix from the Avon Wheatbelt (AVW). (A) The front side of the pelleting form filled with information about initial seed weight and volume, start and finish time, and quantity and type of material used for the first and second layers. (B) Back of the pelleting form with information about drying temperature and duration, weight and volume of dry pellets, expected size range (e.g., 2/2.36 mm), and the fraction of pellets that fall within the interval (Good), that are bigger (Large) or smaller (Small). Data on the weight of 50 pellets used to calculate the Thousand Pure Seed Unit Weight (TPSU), results of 10 compression tests that measure the force (N) needed to crack a pellet and provide an indication of the pellet’s mechanical resistance, and the result of crush test performed on 50 randomly selected pellets, recording the number of seeds present in each pellet. (Pedrini et al., 2018). (1–8) Images of individual pellets before the crush test, and (1a-8a) images of the same pellets after the crush test. It is worth noticing that, although the pellets are similar in shape and size, the seeds they contain are of variable relative size: small (1a-4a, e.g., Kunzea glabrescens), medium (5a, e.g., Eremaea pauciflora), and large (6a, e.g., Eucalyptus drummondii). The pellets can also contain no seeds (7a dead ball), or multiple seeds (8a agglomerate).
The MSP batch from the Esperance Plains bioregion (ESP) of 68.67 g comprised 19 Myrtaceae species at an average TPSU of 0.267 ± 0.05 g and an estimated total of 200,000 PLS. The pellet size range was set between 1.6 mm and 2 mm and was reached in 318 min using 842 g of liquid binder and 1,868 g of powder. The final weight of the pelleted batch was 1,117 g at a TPSU of 5.302 g. Tests on the pellets revealed 8% of empty pellets, 78% of single-seed pellets, and 14% of agglomerates. The total number of pellets produced was 210,659, of which 193,807 were filled.
4.3 Time and cost comparison
Assuming that the material and seeds used would have been comparable in both SSP and MSP, the difference in cost between the two approaches is due to the differences in total time (preparatory, pelleting and post-pelleting operations) and associated labour costs. For the 13 species of the AVW mix, MSP lasted 403 min, and for the 19 species ESP mix, it was 363 min.
To estimate the time that would have taken to pellet each seed lot individually with the SSP method, the equation for the linear regression of xTPSU against pelleting duration (Time) was used.
[image: image]
The AVW mix time was estimated at an average of 177 ± 30 min per species for a combined total of 2,298 min. The average time for the ESP mix was 195 ± 21, and the sum was 3,700 min (Table 1).
TABLE 1 | Cost comparison of Multiple Species Pelleting approach (MSP) and Single Species Pelleting (SSP) in two mix trials from the Avon Wheatbelt bioregion (AVW) and the Esperance Plains bioregion (ESP) in Western Australia. For each site, the cost of seeds and material (binder and power) is constant, but the time required and associated staff costs are higher for SSP than MSP, resulting in a higher final cost of SSP. The cost of a Thousand Pure Live Seed (TPLS $) without pelleting is provided as a comparison of the cost of TPLS after pelleting.
[image: Table 1]In the AVW mix, the MSP approach allowed for a 5.6-time reduction in time compared to SSP, and resulted in a 3.1-fold reduction in the total cost of the pelleted seed batch. This difference was more accentuated in the ESP mix with a 10.2-fold reduction in pelleting time and consequent 3.9-fold reduction in total cost.
When considering the cost on a seed number basis, using the cost of a thousand pure live seeds (TPLS $) in the AVW mix, the cost for pelleted seeds compared to untreated seeds was doubled for MSP but 6.2 times higher for SSP. For the ESP mix, MPS had a 1.5 increase in TPLS $ compared to a 5.9 increase in cost for SSP (Table 1).
5 DISCUSSION
The goal of pelleting in both MSP and SSP was to achieve singulation, meaning that, ideally, each pellet contains one seed. This was not entirely possible in the two MSP mixes. To some degree, empty units and agglomerates will occur, especially in the early phase of the process, on very small seeds. However, as long as the relative quantity of dead balls and agglomerates is known and limited, it might not be a problem, as seeding rates can be adjusted accordingly.
In some instances, agglomeration might also be preferred. For example, Madsen et al. (2012) proved that combining multiple seeds of the same species in a single pellet would improve the collective push power of germinating seeds, thereby improving the chance of emerging through the soil crust in the North American grass Pseudoroegneria spicata. However, agglomeration of seeds from different species in a single pellet can be problematic as the emerging seedlings would compete for the same resources in the same niche, potentially limiting their chance of successful establishment (Callaway and Walker, 1997).
Another approach that could be incorporated into the process is the inclusion of seeds and inert materials in the pellets (Hoose et al., 2019). Such a method, known as conglomeration, might be necessary when the separation of seeds and debris is not practically or economically feasible, as is sometimes the case for some batches of small-seeded species belonging to the Myrtaceae (e.g., Eucalyptus ssp.), Ericaceae (e.g., Calluna vulgaris) and Asteraceae (e.g., Artemisia tridentata) families (Hoose et al., 2019; Pedrini et al., 2023).
Although all these approaches may present limitations, seed pelleting by singulation, agglomeration, or conglomeration is often the most effective way to deliver small-seeded species that would otherwise be sown unevenly or excluded from the mix.
5.1 Cost-effectiveness
While experimental seed enhancement technology might be promising, it needs to be scalable and cost-effective for its adoption by seed suppliers and restoration practitioners (Brown et al., 2021).
The Multi-Species Pelleting method (MSP) presented in this study demonstrates potential time and cost savings compared to the traditional Single-Species Pelleting method (SSP).
Such savings become more accentuated as the number of species to be pelleted increases, as seen in the AVW mix of 13 species and the ESP mix of 19 species.
However, MSP is still responsible for a considerable cost increase compared to untreated seeds.
To address this issue, two approaches for further development and experimentation are suggested: 1) Find approaches to improve the MSP method efficiency and scalability, and 2) evaluate the benefit of pelleted seed-based restoration compared to traditional methods to ensure that the increase in seed cost is offset by better seeding efficiency and plant establishment.
5.2 Further improvement to improve MSP efficiency and scalability
The relatively long time (between 5 and 6 h per mix) required to pellet the two MSP batches was largely due to the fact that these were the first-ever mixes tested with this approach, and extra care was taken to avoid issues during the process. However, as the seed pelleting operator gains experience with this approach, the duration could be reduced to times similar to those of SSP, further enhancing the cost efficiency of this approach. This trend could already be observed, with the second attempt on the ESP mix in 2023 being 44 min faster than the first batch in 2022. Such time saving was achieved even though the number of species and quantity of seeds were higher on the second attempt. This element is particularly relevant for further scalability of the process, as the time required for pelleting is not appreciably affected by the number of species in the mix or batch size.
A method to improve speed and capacity is to couple the pan coater with a rotary coater and run a pelleting session across two machines. The rotating pan is required to pellet seeds in the first phases (<1 mm), as it allows more control of the variables and reduces the risk of accidentally losing small seeds; however, when pelleted seeds reach a relatively large size, (>1 mm), further size increase to reach the final dimension can be slow. Moving the partially pelleted seed mix to a rotary coater would allow for a much faster second accretion phase, reducing the time required to complete an MSP batch. Moreover, if the rotary coater is equipped with an automatic and programmable powder and liquid delivery system, this could be set up to autonomously complete the process, allowing the operator to commence a new batch on the rotating pan.
A limiting factor is, however, the total size of the seed mix that can be processed in one session. The pelleting pan used in this study is equipped with a 350 mm pan that allowed for the pelleting of a total estimated 200,000 PLS for the ESP mix, which was close to capacity towards the end of the process. This limit can be raised by installing a larger pan, such as a 600 mm one (Figure 1), that could increase the number of seeds that can be pelleted in one session to more than a million.
5.3 Evaluation of improved efficiency in seed-based restoration
Assuming that with the improved approach, we can obtain a 1 million pelleted PLS mix in one session, that the average seed-to-established plant conversion is 10% (James et al., 2011), and that the target plant density is 10,000 per Ha, a single batch would be sufficient to cover a 100-ha restoration site. By employing large-scale agricultural seeding equipment (e.g., canola seeder), such an area over a flat terrain could be seeded in a matter of days, rather than the weeks required with current restoration seeding methods (Pedrini et al., 2023). This would further reduce seed-based restoration costs and allow for seeding operations to occur when soil and environmental conditions are optimal for seedling emergence and establishment, maximising the chances of seed-based restoration success, especially in arid and semi-arid environments (Shackelford et al., 2021).
Clearly, such assumptions need to be field-tested, and a more comprehensive cost-efficiency analysis based on the cost per successfully established plant, other than just the cost of seeds, needs to be performed. Such studies, in different restoration scenarios and species mixes, would then allow for better-informed decisions on whether MSP is a viable option and to what extent it can improve seed-based restoration efficacy.
This study has focused exclusively on the logistical improvement afforded by seed pelleting. However, seed germination and successful seedling establishment are ultimately the key outcomes of seed technology. In this study, I did not evaluate seed performance as it was previously assessed for the SSP species and method by Pedrini et al. (2023), and, on average, pelleting showed no detrimental effect on seedling emergence. To further increase the chances of germination and successful plant establishment, active compounds, such as predator deterrents (Pearson et al., 2019; Taylor et al., 2020), protectants from diseases and herbicides (Brown et al., 2021; Hoose et al., 2022), and survival, germination, and emergence promoters (Erickson et al., 2017; Larson J. E. et al., 2023; Pedrini et al., 2021) can be incorporated with the pelleting material (Madsen et al., 2016).
New creative approaches have recently been developed to introduce seeds of native species within agroecosystems using existing agricultural seeding equipment. For example, Westbrook et al. (2023) developed an innovative multi-seed moulding method to agglomerate seeds of Common milkweed (Asclepias syriaca L.) in the shape of corn seeds (Zea mais), that can be seeded by farmers alongside the crop and support the conservation of monarch butterfly, by introducing in farmland its main food source. A similar approach was developed by Corli et al. (2024) by encrusting rice seeds with the micro-seeds of endangered Linderia procumbens, allowing farmers to reintroduce a conservation priority annual species within their crop, with no impact on crop yield.
Even though this analysis focused predominantly on cost reduction, there is a key element that is difficult to quantify but must be considered. Native seeds, when collected from a natural population, can impact the population’s reproductive capability, especially for annual and short-lived perennial species (Bucharova et al., 2023), or damage the surrounding vegetation by trampling or accidental introduction of diseases. Until native seed production in farm settings becomes a viable alternative to wild seed collection, the potential collateral ecological damages of collection should be acknowledged. Therefore, limiting seed wastage by maximising the use of such valuable resources becomes a moral imperative, even when the monetary cost for doing so might be higher.
6 CONCLUSION
Ultimately, the MSP method described here presents a cost-effective approach that would allow seed pelleting technology to leave the lab benches and start to be evaluated and deployed at scale by native seed suppliers and restoration practitioners. Moreover, its combination with broad-acre agricultural seeding equipment could potentially allow for the drastic improvement of efficiency and scale of seed-based ecological restoration.
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