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There are hundreds of species of Agaves found globally in natural and anthropogenic systems. Agaves are used to produce fibres, alcoholic beverages like tequila, and in biofuel production. The objectives of this study were to assess the research available into Agave planting density and to use PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) to suggest an optimum planting density for the highest dry aboveground productivity. Background research into Agave planting densities found little data on the effect of planting density on biomass production, with most studies focusing on other independent variables affecting productivity. There were 13 data points included in the analysis. The meta-analysis suggested that the optimal planting density of Agave is approximately 2,600 plants ha−1, which provides optimal dry aboveground biomass of 28.8 Mg ha−1 yr−1. These findings provide a framework for further experimentation in Australian conditions using a Nelder design density experiment to ground-truth the meta-analysis.
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INTRODUCTION
Agaves can be found in many arid and semi-arid regions worldwide as part of both anthropogenic and natural landscapes. The Agavaceae family is a culturally, environmentally, and economically significant family, with a geographic centre of origin in Mexico. This monocot has spread through semi-arid to arid regions from Central America to South America (Good-Avila et al., 2006). Agaves are a resilient species with the ability to survive in dry landscapes and low-quality soils. Their ability to survive in adverse climates has resulted in Agave being used for beverages, food, fibre, shelter, ornamentals, and soil stabilisation (Garcia-Moya et al., 2011).
Agaves are most notably known globally for their use in the popular alcoholic beverage tequila. Tequila is made exclusively using Agave tequilana Weber cv. azul and must also be produced in the Mexican state, Jalisco, and some surrounding areas. A. tequilana is protected by a geographic indicator (GI). If Agave is produced from a species other than A. tequilana or outside Jalisco’s growing regions, the spirit is called mezcal (Bowen, 2015; Subedi, 2017). Interest in Agave for use as a bioenergy has increased in recent years because of its predicted resilience to impacts of climate change (Yan et al., 2020). The predicted impacts of climate change are 62% lower for Agave than corn and 30% lower than sugarcane, which are two other primary bioenergy feedstocks. The ability for Agave to survive in marginal semi-arid landscapes reduces the impact on other agricultural production systems. This will become increasingly important as agricultural production is under pressure with a changing climate and a higher demand for agricultural commodities with an increasing population. The resilience of Agave species in arid and semi-arid landscapes also provides an opportunity to sequester carbon on land unfit for agricultural production (Kant, 2010).
The Agavaceae family is relatively young, 20–26 million years old, and has more than 200 recognised species (García-Mendoza, 2002; Good-Avila et al., 2006). Agaves take between 6 and 12 years to mature and can grow from a few centimetres to over 4 m depending on the species. (Gentry, 2004; Sandoval et al., 2012). Agave plants can produce aboveground dry weight biomass between 10 and 40 Mg ha−1 yr−1, with A. salmiana and A. mapisaga being the most productive species (Nobel et al., 1992; Li et al., 2012). Agaves can reproduce sexually, with seeds, and asexually through aerial bulbils and basal shoots and rhizomes, but mainly reproduce asexually as they only flower once a lifetime when fully mature (Arizaga and Ezcurra, 2002). When fully mature Agave produce a flower stalk, technically called the poll, which can be 4.5–12 m in height (Smith, 1929).
Agave americana was the first plant to be shown to undergo Crassulacean acid metabolism (CAM) photosynthesis (Garcia-Moya et al., 2011). CAM photosynthesis is a photosynthetic pathway that allows plants to regulate their use of water and carbon dioxide. CAM photosynthesis is abundant in nature, with an estimated 20,000 species found terrestrially and aquatically and in 7% of vascular plants (Andrade et al., 2007; Osmond et al., 2008; Ruiz and Estrella-Ruiz, 2008). CAM plants take in CO2 at night and then sequester it during the following day cycle (Winter and Smith, 1996). By splitting the process into day and night cycles, CAM photosynthesis allows stomata to be tightly closed during the heat of the day and significantly reduces water loss compared to other photosynthetic pathways. Plants have control over their gas exchange through their stomata during CAM rhythms, allowing carbon sequestration into malate overnight. The benefit of CAM photosynthesis is that plants can be highly productive under heat and water stress.
Competition can be divided into intraspecific and interspecific competition, with intraspecific competition having the most significant form of competition because of shared resources. Intraspecific competition affects communities and can result in asymmetric growth between individuals or symmetrical growth negatively impacting the community. When competition is asymmetric, an individual removes a disproportionate amount of resource and is larger than other individuals. In symmetric competition all individuals are equally affected. In a study on tree plantations by Yang et al. (2019), found that competition pressure of neighbouring trees was crucial in determining tree growth and biomass partitioning. According to Chu et al. (2008), the relationship between body size and density is key to ecology. The understanding of how planting density affects yield has changed over time. The ‘Law Of Constant Final Yield’ explains that the relationship between density and yield within a single species increases proportionally and then levels off and remains constant but this law is not always satisfied, as there can be exceptions when higher densities result in a decline in yield (see Figure 1). (Farazdaghi and Harris, 1968). Chu et al. (2008) reported that the greatest biomass was found at intermediate densities because of resource competition. There have been no previous field experiments on the effect of planting density on Agave yield. The significance of the analysis undertaken in this study is that it provides a baseline for future research.
[image: Figure 1]FIGURE 1 | Graph showing the law of constant final yield (Weiner and Freckleton, 2010).
The focus of previous studies has generally been on the net CO2 uptake of CAM plants, resulting in limited background knowledge on planting density. The significance of this research is that this is the first systematic literature review on the effect of planting density on dry aboveground biomass of Agave. The only previous study investigating the relationship between planting density and biomass in Agave species was undertaken by Nobel (1988). This study used a model based on ray-tracing techniques to determine what leaf area index (LAI) led to the highest productivity. This systematic literature review takes a different approach by collating previous meta-data from all available literature to suggest an optimum planting density range for future research. The model estimated the highest productivity for A. tequilana and A. fourcroydes to be between an LAI of 4–8 or a density of between 2,500 and 3,400 plants per hectare. After reaching a peak at this density, the productivity flattened out and remained the same for higher planting densities, which is consistent with the “Law Of Constant Final Yield” but not in line with the results of Chu et al. (2008), who suggested a yield decrease after an optimum planting density. The estimated productivity at densities of 2,500–3,400 plants ha−1 is slightly above 20 Mg ha−1 yr−1 for A. tequilana and slightly below 20 Mg ha−1 yr−1 for A. fourcroydes. Nobel (1988) suggested that the productivity could be as high as 44 Mg ha−1 yr−1 for A. tequilana if the water index was increased through greater rainfall or introducing irrigation. Further background research into Agave planting densities revealed little research into the effect of planting density on productivity, other than Nobel (1988), which gave predictive insight into the topic but had no follow-up ground-truthing. Smith (1929) found that the planting density of Agave was dependent on abiotic factors like soil fertility and advocated for higher planting densities in poorer soil quality as plants will not grow as large. Planting densities can range from 1,500 plants ha−1 in good soils to 3,500 plants ha−1 in poorer soils, although these densities may have been recommended for greater row access when harvesting sisal fibre (Smith, 1929).
To find the optimum planting density, this study aims to assess the available research on Agave species, which report planting densities and yield and then recommend an optimum planting density for greatest productivity from available research using meta-analysis. The relationship is hypothesised to be quadratic with an optimum planting density for productivity. Based on the findings of Nobel (1988), the hypothesised optimum density is 2,500–3,400 plants per hectare for Agave, which will equate to aboveground dry biomass of approximately 21 Mg ha−1 yr−1.
METHODOLOGY
The methodology followed for this systematic literature review was PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses). The process is visualised in Figure 2. Background research on the topic was conducted ’by reviewing peer reviewed literature. This is the first systematic literature review that examines the relationship between crop planting density and dry aboveground productivity. The advantage of conducting a systematic review is that it provides baseline data for future research into planting density and yield. Furthermore, outcomes such as optimal planting density may be adopted by the Agave industry. From this background research, it was discovered that there were few studies that recorded both density and productivity as aboveground biomass. To build a table of Agave planting densities and aboveground biomass, all available data was collated. Initially, there was insufficient evidence for agave density trials, so other commonly cultivated CAM plants were included (Table 1). These other CAM plants were Opuntia ficus-indica (prickly pear), Aloe, and Ananas comosus (pineapple). Journal articles that did not have sufficient evidence were not included in Figure 1. It was uncertain initially if productivity would be tonnes per hectare per year or tonnes per hectare, so both were left in the table.
[image: Figure 2]FIGURE 2 | Flowchart showing the research process, sorting through relevant articles to find relevant and reliable sources.
TABLE 1 | CAM productivity and density data collated.
[image: Table 1]The CAM articles of species other than Agave were later removed from the meta-analysis, as sufficient evidence was found in Agave research articles and the results were determined to not be relevant to the study. Productivity per hectare per year was the chosen productivity measurement, so data that could not be transformed into a yearly productivity measurement was removed. Articles that did not record density were also removed.
The data was then evaluated on reliability, as some of the data was theoretical and provided yields that were not physically possible in the field. For example, Nobel et al. (1992) had a yield of 40 Mg ha−1 yr−1 because the experiment only had a few plants in a plot, and they could grow much larger than in scaled production. There were three groups of 12–15 plants in this experiment, meaning the density of 2076.92 plants ha−1 was not representative of the small-scale experiment. Some smaller Agaves were also removed, such as A. deserti and A. cantala, as they skewed the data too much because of their significantly lower yields. Only one data point was included from Smith (1929) because two of the points were expected yields, instead of actual yields, and very different at the same density. Another paper that was not included was Davis et al. (2017), which had A. americana aboveground dry biomass yields ranging from 2.0 to 9.3 Mg ha−1 yr−1 at densities of 2,500 plants ha−1. The yields for the experiment were low because of infestation by the Agave snout weevil (Scyphophorus acupunctatus), which is a major threat to Agave crops in America. This pest has increased survivability in irrigated crops. The data points that were included in the analysis are displayed in Table 2 with their reference, density, and productivity. Table 3 provides more in-depth background for each region with climatic and environmental conditions.
TABLE 2 | Dataset used in the meta-analysis. The results in bold were not used in the final meta-analysis. The table is in order of planting density.
[image: Table 2]TABLE 3 | Current climate conditions for available Agave reference sites used in meta-analysis.
[image: Table 3]A study by Nunez et al. (2011), referenced multiple Agave species but gave productivity as “mescal feedstock” instead of individually. The only species referenced individually was Agave tequilana, from which productivity was derived from tables in the study on cost of planting. Productivity was not directly related to the density in the study. The planting density was 3,150 plants ha−1 and had a productivity of 13.3 Mg ha−1 yr−1.
Data from Kirby (1963) and Smith (1929) needed transformation, as they were measurements of leaf fibre and not aboveground dry biomass, as well as being recorded in pounds (lbs). Using a harvest index from Nobel (1988), a coefficient was calculated to be 6.12, the conversion factor for fibre from total aboveground dry biomass. The data from the two studies also needed to be converted from imperial measurements to metric. Yan et al. (2020) recorded aboveground fresh biomass. To convert the recorded fresh weight from Yan et al. (2020), an assumption of 85% of fresh weight was used to convert to dry weight (Li et al., 2012; Corbin et al., 2015). The referenced fresh weight of the A. tequilana was 144 Mg ha−1 yr−1 and this was converted to 22 Mg ha−1 yr−1 dry weight. Other data required no modification because tonnes per hectare was calculated by total productivity in Mg ha−1 divided by plant age to find Mg ha−1 yr−1. Table 1 shows all the included data points in the literature review and Table 2 shows the data points included in the meta-analysis.
Data analysis was undertaken using the nlme package in R (Pinheiro J et al., 2021). A linear mixed model was fitted to the data (Table 1) with planting density as a fixed effect and the study ID (Researcher) and Agave species (CAM_Plant) included as random effects to account for variation in genetic, management, and environmental difference between the studies and species. The relationship between yield and density was modelled as a second order polynomial. Both linear and quadratic models were fitted to the data and the models were compared using a likelihood ratio test and the Akaike Information Criteria (AIC). Approximate variance explained by the model terms were estimated using the MuMIn package in R (Bartoń, 2022), model residuals were checked using a Q-Q plot and standardised residual plots and were determined to follow a reasonably homogenous normal distribution.
RESULTS
Table 1 includes the final dataset collated from the meta-analysis, including the data from Nobel and Quero (1986), which was excluded because of the small sample size and Nobel et al. (1992), which was excluded because A. deserti is significantly smaller than other species of Agave. The excluded data are highlighted in Table 2.
Table 4 shows the four A. tequilana and A. fourcroydes that achieved a productivity equal to or greater than 21 Mg ha−1 yr−1. The densities of these Agaves ranged from 1851 plants ha−1 to 3,000 plants ha−1.
TABLE 4 | Data points that achieved a productivity greater than or equal to 21 Mg ha−1 yr−1, as Nobel (1988) predicted would be the maximum for A. tequilana and A. fourcroydes. A. salmiana and A. mapisaga data were excluded because they were not included in the Nobel’s ray-tracing model.
[image: Table 4]The second order polynomial model was highly significant (X2 = 33.890, df = 2, p = 4.373 × 10−8) (Figure 3). The model residuals were reasonably normally distributed (Figure 4). The AIC was lower in the quadratic model compared to the linear model (quadratic model 13.40 and linear model 31.66) indicating that the quadratic model is the better model. The estimated optimal planting density is 2,600 plants/ha with a predicted yield of 28.8 Mg ha−1 yr−1. The planting density explained approximately 48.7% of the variation in the dataset and the two random effects, CAM species and Study ID, together explained 50.9% of the variation in the model.
[image: Figure 3]FIGURE 3 | Fitted linear and quadratic models. The planting density was a significant predictor of yield in the quadratic model (X2 = 33.890, df = 2, p = 4.373 × 10−8).
[image: Figure 4]FIGURE 4 | Q-Q normal plot of model residuals for the quadratic model.
DISCUSSION
Nobel (1988) developed a model based on ray-tracing techniques to calculate what leaf area index (LAI) resulted in the highest productivity. The model was used to estimate the productivity of Agaves at different positions in a canopy. This model suggested an optimum planting density between 2,500 and 3,400 plants ha−1 for A. tequilana and A. fourcroydes to achieve a productivity of approximately 21 Mg ha−1 yr−1. The meta-analysis from this study predicted an optimal density of 2,600 plants ha−1 that produced a dry aboveground biomass of 28.8 Mg ha−1 yr−1. Therefore, this meta-analysis provides evidence for the optimum Agave density speculated by Nobel (1988) as the density falls within the range of the model. The predicted productivity in this meta-analysis is higher, although Nobel (1988) also stated that with proper irrigation and watering, the productivity of A. tequilana could be as high as 44 Mg ha−1 yr−1, which is nearly the productivity of sugarcane. A. tequilana, A. fourcroydes, A. salmiana, and A. mapisaga were the species that achieved maximum productivity over 21 Mg ha−1 yr−1, the predicted maximum by Nobel (1988). Table 4 excludes A. salmiana and A. mapisaga, which had productivities of 26 Mg ha−1 yr−1 and 25 Mg ha−1 yr−1, respectively. Out of the four points in Table 4 that have a productivity greater than or equal to 21 Mg ha−1 yr−1, only two are within the density range (2,500–3,400) Nobel (1988) calculated. Therefore, further experimentation is needed to see why A. tequilana and A. fourcroydes crops were outside of the modelled optimum density achieved the predicted 21 Mg ha−1 yr−1.
The “Law Of Constant Final Yield”, suggested that yield increases proportionally with increasing density and then levels off and remains constant. Farazdaghi and Harris (1968) found that the law may not always be satisfied and that at higher densities, yield may decline. The meta-analysis in this systematic literature review supports the idea that yield decreases above the optimum density, and the graph showed a decrease in yield at higher densities. The decline found in this meta-analysis differs from the results of Nobel (1988) and the “Law of Constant Final Yield” in which biomass increases to a flat asymptote. However, more data is needed at density extremes to sufficiently determine if the data fits to confirm the shape of the curve. A reason for yield reducing at higher densities may be because of resource competition, such as light, nutrients and water. For example, reduced competition between plants may be why the smaller planting trial by Nobel et al. (1992) with three groups of 12–15 plants ha−1 achieved a productivity of 40 Mg ha−1 yr−1. Chu et al. (2008) found that the greatest biomass was found at intermediate planting densities and that as abiotic stress increased, the yield-biomass relationship shifted from linear to humped.
The importance for studying a species such as Agave is that with predicted climate impacts, Agave is suggested to be more resilient to these impacts (Yan et al., 2011), enabling future production of bioenergy. Agave also has a less significant impact on arable land needed for agricultural production, as it can survive in marginal, semi-arid landscapes. Given as much of 40% of land on Earth is arid and semi-arid, Agave production provides a unique opportunity to sequester carbon on land unfit for agricultural production (Garcia-Moya et al., 2011). Understanding how to efficiently produce Agave in the future is crucial for this reason.
Limitations
The meta-analysis undertaken was limited by the type of research used in the analysis. Many studies were not researching density as the independent variable but were testing other variables, such as soil type or acidity (Nobel, 1985). Some of the biomass estimates used in the analysis were from papers studying wild Agave and not cultivated species. The number of plants in these was influenced by external factors, such as the sale of young plants, forage, and removal for production of alcoholic beverages (Martínez-Salvador et al., 2005). The power of the meta-analysis was limited because of the small sample size of available data.
Different species of Agave sp. have a range of sizes, as mature plants can range from a few centimetres to 4 m depending on the species (Davis et al., 2011). A. deserti was excluded because it was smaller than the other species as it produced 5.7 Mg ha−1 yr−1, while the next lowest producer was 10 Mg ha−1 yr−1. Nobel (1988) found that smaller Agave species, like A. sisalana, can be planted at much higher densities, up to 10,000 plants ha−1, although optimum densities are between 4,000 and 5,000 plants ha−1. Kirby (1963) also noted high planting densities with approximately 4,000 plants per hectare, providing satisfactory results in Tanganyika, present-day Tanzania, suggesting densities of 10,000 plants ha−1 on productive land. Therefore, further investigation is required to determine the size planting density interaction.
Different species also reached maturity at different ages; for example, A. fourcroydes takes approximately ten years to mature, and A. tequilana and A. sisalana take approximately seven years to mature (Nobel, 1988). The use of Mg ha−1 yr−1 limited the reliability of the results in the meta-analysis as some plants grew slower than others, but this unit of measurement was necessary as not all plant ages were recorded, limiting the use of Mg ha−1. The analysis is limited by the research focus area of the referenced data points. There is no literature with a specific field experiment that focuses on the planting density and productivity.
FUTURE RESEARCH—AN AUSTRALIAN PERSPECTIVE AND CASE STUDY
The meta-analysis highlights opportunity for further experimentation opportunities to ground truth the model through further field experiments. There have been no previous systematic literature reviews exploring the relationship between density and aboveground biomass for a crop. This study also provides further evidence for the ‘Law of Constant Final Yield’ and resource constraints at higher densities. The use of multiple Agave species and varying cultivation techniques limited the accuracy of the meta-analysis. However, as more data on multiple species becomes available, it will be possible to determine whether a general model can be applied to all species of Agave sp.
In an Australian context, Agave tequilana would be used in a field experiment because it is the best-studied species of Agave in Australia (Subedi, 2017). Densities of previous studies range from 1,430 to 7,400 plants per hectare would be planted, and it would then be possible to confirm whether optimum planting densities agree with Nobel (1988) calculated using ray-tracing models (2,500 and 3,400 plants ha−1) and the results from this meta-analysis which suggests that the best planting density for Agave is 2,600 plants ha−1.
Jalisco, Mexico, is the only place tequila can be produced. The monthly mean daily air temperature extremes measured by Pimienta-Barrios et al. (2001), was 9–22°C at night and 33–41°C during the day. Holtum et al. (2011) and Holtum and Chambers (2010), suggested that the climatic conditions and soil types within the Atherton Tablelands, Mareeba, Mackay, Ayr, Rockhampton, and Childers districts are similar to those where A. tequilana is grown commercially in Mexico and would be potential growing regions for Agave. Agave cultivation was trialled in Ayr, Queensland, where there was a trial site of A. tequilana. Agave is also grown in Narrabri, New South Wales, by the Black Snake Distillery, where a crop of A. americana is grown for the production of Agave spirit. The suggested locations for field trials are shown below in Figure 5. Another important consideration for Agave biofuel production is the proximity to processing facilities, such as sugarcane mills. The sugarcane mills are found close to the coast of Queensland, where there are established sugarcane production regions. Without the construction of a processing facility further inland, Agave production would be limited to the coastal regions or higher transport costs would be required. Sugar mills are only required for processing Agave as a biofuel and are not required in the production of beverages such as mezcal or Australian agave spirit.
[image: Figure 5]FIGURE 5 | Map of Queensland, showing some suggested growing regions for field experiments.
Research into the potential to produce Agave in Australia is limited and often hypothetical. Subedi (2017) claimed that farmers responded positively to the potential production of A. tequilana in Australia but would want to see the results of the field experiment in Ayr, Queensland, before they include the plant in their crop rotation. A. tequilana has been considered for production on marginal and unproductive land on farms. The research conducted by Yan et al. (2020) was on the 3,500 plant Agave crop planted by Mr Don Chambers in 2009 in Ayr, Queensland. The initial density planted in 2009 was 4,000 plants ha−1 but had to be thinned to 2000 plants ha−1 suggesting that the initial crop was planted too densely.
Most planting density trials are rectangular plots with different spacings between rows where the rows are then compared to find the optimal planting density. The Nelder design is a planting density method that essentially enables multiple density trials in a small area. The benefit of a Nelder planting design for ground-truthing the results of this meta-analysis is that it is more cost-effective compared to other planting designs. Figure 6 shows a Nelder planting design for Eucalyptus dunni in Brazil by Stape and Binkley (2010). This research investigated planting densities from 210 plants ha−1 to 4,400 plants ha−1 on 0.6 ha of land. Compared to a block design, which was only able to test 1,111 plants ha−1 to 2,222 plants ha−1, the Nelder design was much more efficient for testing various planting densities than traditional planting methods. To grow an Agave crop, the same planting density could be used to test from 1,000 plants ha−1 to 8,000 plants ha−1 to find the optimal planting density for A. tequilana in Australia. The data from this proposed field experiment would conclusively determine the best planting density for Australian A. tequilana crops. The study is limited by the time taken for A. tequilana to mature, which takes approximately 5–7 years, although optimum density would be apparent before then.
[image: Figure 6]FIGURE 6 | Diagramatic representation and photograph of a Nelder planting design with 36 rays and 12 arcs.
In conjunction with the data from the experiment in Ayr, Queensland, the proposed trial will provide farmers on marginal land with confidence to trial A. tequilana on their land to produce maximal biomass. This proposed research will help Australian producers determine an optimum planting density for Agave and provide other benefits such as reduced desertification and increased carbon sequestration.
CONCLUSION
Agave are an increasingly researched species because of their climate resilience and opportunities in bioenergy production. The meta-analysis in this global systematic literature review revealed an optimum planting density of 2,600 plants ha−1 with a dry aboveground biomass yield of approximately 28.8 Mg ha−1 yr−1. The optimal density is at the lower limit of estimates of previous models of density between 2,500 and 3,400 plants ha−1. Currently the estimates of planting densities are based on a small number of data points. However, the results of the meta-analysis provide a baseline for future research on optimising planting densities of Agave. For example, it is recommended that a Nelder design is used to determine the optimal planting density of A. tequilana to determine the optimal planting density in semi-arid regions in Australia and other potential growing regions across the globe to better inform potential growers.
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