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In this work, we advocate agroforestry as a sustainable agricultural method that leverages biodiversity and ecosystem services, simultaneously tackling the problems of adaptation and mitigation to climate change, and of land restoration for sustainable agriculture across scales. While the rise of industrial agriculture has been instrumental in addressing the food demands of an expanding global population, enhancing food quality, yield, productivity, and efficiency, we must now reckon with the consequences. This advancement, which prioritizes simplification, specialization, and external inputs, has escalated detrimental externalities including deforestation, biodiversity loss, soil degradation, pollution, and an increase in greenhouse gases, contributing significantly to global warming and to exacerbated environmental crises. These demand urgent attention. In response, various agricultural methodologies such as organic, biodynamic, ecological, and biological farming have emerged, attempting to propose alternatives. However, these methods have yet to significantly alter the trajectory of mainstream agriculture. For over two decades, we have devoted our efforts to developing and refining a multispecies integrated agroforestry system for the sustainable cultivation of Ilex paraguariensis, “yerba mate,” in the subtropical north-east of Argentina. With “integrated” we mean that the trees are planted within the I. paraguariensis distribution, not between alleys as in “alley cropping” or “hedgrow intercropping.” The experimental work we present here was designed and implemented to enable data comparisons across consociations of multiple species of trees, at a relevant experimental scale. We achieve soil preservation and restoration, productivity comparable to or exceeding monocultures, and a significant increase in resiliency, particularly evidenced during the extreme climate events of spring and summer 2021 and 2022. These results underscore agroforestry’s potential for climate change mitigation and adaptation.
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1 Introduction

The Northeast of Argentina is a region that extends into the subtropical forests it shares with Paraguay to the North, Brazil to the Northeast, and Uruguay to the Southeast (Figure 1, left inset; Google Maps, 2024). The whole region was first colonized by the Jesuits (Roca, 2017) who, starting in 1609, built settlements throughout a vast territory that today is part of Uruguay, Paraguay, Brazil, and Argentina (Roca, 2017). In Argentina, most of the missions are in the province of Misiones (Roca, 2017). The Jesuits were pioneers in cultivating the tree I. paraguariensis to produce the infusion popularly known as “mate (UNESCO’s World Heritage Centre, 2023; Heck and De Mejia, 2007; Gawron-Gzella et al., 2021; Bracesco et al., 2011).” The plant is popularly known as “yerba mate (UNESCO’s World Heritage Centre, 2023; Heck and De Mejia, 2007; Gawron-Gzella et al., 2021; Bracesco et al., 2011)” and its crop became in main economic activity of the Guarani territories in the 17th century (UNESCO’s World Heritage Centre, 2023), spreading throughout southern South America. Mate gained further diffusion during the independence wars against the Spanish crown and subsequent conflicts involving Paraguay, Uruguay, Brazil, and Argentina (UNESCO’s World Heritage Centre, 2023; Sarreal, 2023).
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FIGURE 1
 Left inset: map of Argentina emphasizing the province of Misiones. Main, map of the north-east of Argentina. The red pin marks the village of Santo Pipo, Misiones, site of this agroforestry project. Political boundaries between Argentina, Paraguay, Uruguay, and Brazil as yellow lines (Google Maps, 2024). Right inset: A blue pin marks the location of the agroforestry project presented here, and the closest red “pin” marks the location of the Jesuit ruin San Ignacio Mini (Roca, 2017). The other red pins mark other Jesuit ruins.


The region is defined by its humid subtropical climate without dry season and its soils are red oxysols with a very high clay content (Pereyra, 2012). While much of Paraguay and southern Brazil have cleared their jungles for cereals, grains, and cattle ranching, the Argentinian part of this territory has retained a mix of native forests and planted exotic forests, intersperse with agriculture dominated by perennial species. This fact is immediately apparent in low resolution satellite maps of the region, in which Argentina appears with a much darker green colour than Brazil and Paraguay, the contrast of forests versus arable land cultivated with grains (Figure 1; Google Maps, 2024).

Although I. paraguariensis is a native tree species of the subtropical forests of the region, the industrialized production of mate lead to the adoption of the highly mechanized agricultural practices developed for monocultures, using land made available by deforestation. Other agricultural and forestry activities, including, tea plantations, commercial planted forests, annual crops, and animal husbandry, also led to deforestation. There are inherent limits to the expansion of deforestation, primarely because forests are a finite resource. Yet, although the region is well-suited for sustainable practices such as agroforestry and agrosilvopastoral systems (for animal husbandry), these have not been adopted on a transformative scale.

The advent of more frequent and intense climate events, often dramatic in nature, has started to shift perceptions significantly. Throughout most of 2021, the region experienced a shortfall in precipitation, with drought periods in May–June and August–September. By early summer, surface temperatures were consistently above historical averages, culminating in record highs of 42.5°C on January 24, 2022. These extreme conditions, persisting through March 2022, resulted in substantial losses in agricultural output, destruction of young, planted perennials, and damage to both ancient forests and newer planted forests. The persistent drought and unprecedented high temperatures led to severe wildfires, further exacerbating the crisis. The combined effect of these events not only devastated local ecosystems but also disrupted both wildlife and human communities, altering public perceptions about climate change and the resilience of traditional agricultural practices in the face of such climate shocks. This crisis has underscores the urgent need for agricultural practices that integrate and leverage the natural complexity of the environment, enhancing resilience against climate variability and promoting sustainability for the future.

Extreme climate events have become more common worldwide, heightening public awareness of global warming (AghaKouchak et al., 2020; Fischer et al., 2021; Zhou et al., 2023; Walker and Van Loon, 2023; Yuan et al., 2023). As global temperatures continue to rise, we can expect more frequent and severe climate hazards (AghaKouchak et al., 2020). The measures we adopt to mitigate global warming will influence the likelihood and severity of these unprecedented extremes (Fischer et al., 2021), as well as their geographical extent (Zhou et al., 2023). With the global population increasing and urban areas expanding, more people are at risk from these climate events. Additionally, the likelihood of simultaneous climate extremes, which significantly affect human welfare and ecosystem sustainability, is expected to increase (Zhou et al., 2023). For instance, concurrent large-scale wildfires, driven by hot and dry conditions, can exceed firefighting capacities, leading to extensive damage and significant ecological consequences (Zhou et al., 2023). Flash droughts, which arise from a sudden deficit in precipitation coupled with increased evapotranspiration, rapidly deplete soil moisture (Walker and Van Loon, 2023; Yuan et al., 2023), making them exceptionally destructive to ecosystems, which cannot adapt swiftly. Projections indicate that under higher emission scenarios, flash droughts could become more frequent and begin more abruptly, posing substantial challenges for climate adaptation strategies (Walker and Van Loon, 2023; Yuan et al., 2023).

How human societies use, manage, and interact with land plays a pivotal role in addressing sustainability challenges and mitigating climate change impacts (Meyfroidt et al., 2022; UN Environment Program, 2023). Addressing the complexities of global climate change requires efforts that extend well beyond reducing atmospheric CO2 levels (UN Environment Program, 2023). Agroforestry emerges as a viable strategy in this context, notably because it can be initiated and maintained from the bottom up, enabling stakeholders who cannot afford to wait for top-down global solutions to take immediate action. Extreme climate events have starkly highlighted the biophysical effects of deforestation, reforestation, and afforestation, underscoring the local benefits these practices offer, aligned with the self-interest of society.

When we plant a tree, we hope that it will grow tall and straight; that it will have a full, healthy crown with strong, well-spaced branches; that it will cast a broad expanse of sheltering shade; that it will resist damage from wind and ice; and that it will be easy to maintain. Without proper pruning, however, a tree can become unhealthy and expensive to maintain. An unmaintained or poorly maintained tree is more likely to become hazardous, with branches that break during storms, and weak, unsightly shoots. In a multispecies agroforestry system, all the above challenges are present, with the added complexity of managing and calibrating the integration of the trees with the agricultural activity. Our objective is to present the design and implementation of a scalable multispecies integrated agroforestry system capable of sustaining and restoring soil fertility, providing long-term self-sustainable economic results, and contributing to resilience against climate change, insect attacks, and diseases.



2 Materials and methods


2.1 Experimental site

The study was conducted in a 10 has Trial Lot spanning “Lots 1 and 3” (Lote 1 and Lote 3) within “Lote XII” (⁓98 has), cadastre of the municipality of Santo Pipo, province of Misiones, Argentina, (Google Earth, https://earth.google.com/; 27° 8′30.47′′S, 55°23′32.72′′W and 27° 8′34.77′′S, 55°23′37.18′′W respectively). The location is at approximately 175 m above mean sea level. The soils of this region are red oxysols with a very high clay content (Ultisol soil; Pereyra, 2012). The region is defined by its humid subtropical climate without dry season. From year 1967 to year 2020 the average annual rainfall was 1,998 mm, with a minimum of 1,120 (2004) mm and a maximum of 3,034 (2014) mm. Towards the end of 2020 and during 2021 and 2022 the weather phenomenon called “El Niño” brought extremes of heat and drought, while during 2023 “La Niña” brought extremes of rainfall. The total rainfall for 2020, 2021, 2022, and 2023 was 1,310, 1,536, 2,136, and 1,900 mm, respectively. Typically, temperatures range from a minimum just above zero °C to approximately 36°C. The minimum historical temperature was recorded on July 18, 2017, with −8°C at 5 cm above the soil, and the maximum historical temperature on January 24, 2022, was of 42.5°C (Roset, 2022).



2.2 Equipment

During 1993 a Taeda pine or loblolly pine forest was installed for fallow. These trees were fell approximately a year ahead of the plantation of the system in 2010, to allow for the preparation of the land. The remnants of tree crowns were cut down manually with chainsaws, and the field was plowed mechanically. Burning was entirely avoided. Lastly, the fields were marked as described below and a subsoiler was passed tracking the future lines of the plantation. Seedlings were implanted using a shovel, on the track made by the subsoiler, following the distances as planned in the design described below. Field measurements of widths and heights were made using a measuring tape and a telescopic rod, during the month of February of each year (summer). Photosynthetically active radiation (PAR) measurements were performed with a one-meter-long rod ceptometer during the month of September (spring). Soil samples were obtained using a borer or ring sampler of 0.25 m in diameter at 0.2 m of depth, and 1 kg plastic bags for sample transfers. Samples were collected along the rows of each tree species and within the rows of mate (displaced from each tree), for each block of the “trial lot.” During 2013 the samples were collected in April and May, with 3 samples at each sampling point (1st, 2nd, and 3rd row of mate away from a tree), that were kept individually separated resulting in 107 soil tests. During 2021 the samples were collected during September, also for each block, but binned at each sampling point, resulting in 36 soil tests. All soil tests análisis were carried out at the Instituto Nacional de Tecnología Agropecuaria (INTA), Estación Experimental Agropecuaria Cerro Azul (EEA Cerro Azul), Ruta Nacional 14. Km. 836, Cerro Azul, Misiones C. P. (3313). The method used for estimations of soil readily oxidizable carbon (ROC %) is based by the chromic acid titration method by Walkley and Black*, standardized in Argentina by the Instituto Argentino de Normalización y Certificación (IRAM) with norm “IRAM-SAGyP 29571-3:2016 Parte 3: Determinación de Carbono orgánico oxidable por mezcla oxidante fuerte- microescala.” Oxydazable Organic Matter (OOM) and Total Organic Matter (TOM) are obtained from ROC by multiplicative factors that depend on the context (Walkley and Black, 1934). The values reported were computed from 36 and 107 individual samples for 2013 and 2021, respectively. Soil tests for each individual species have been averaged in aggregate. On-site materials and equipment are described below within Methods as appropriate.



2.3 Methodology

The objective is to establish an experimental multispecies agroforestry system within a 10-ha trial lot. The design of this system will facilitate precise measurements and generate self-consistent data sets. This will allow for meaningful comparisons between different species, ranging from individual plant growth metrics to their contributions to soil health. All I. paraguariensis seedlings derived from the seeds created at Estación Experimental Agropecuaria Cerro Azul INTA (EEA Cerro Azul), Ruta Nacional 14. Km. 836, Cerro Azul, Misiones C.P. (3313), Argentina. For the exotic species, seedlings were obtained from local seed orchards, where they undergo selective breeding to enhance specific traits, ensuring a degree of genetic advancement. The seedlings for native species as listed in Table 1 were made in-house from seeds that were meticulously collected from trees within the remnants of native forests in the local region, selected based on their phenotypic characteristics. The nine species were Lapacho negro (Handroanthus heptaphyllus), Petiribi o Loro negro (Cordia trichotoma), Araucaria (Araucaria angustifolia), Cañafístola (Peltophorum dubium), Anchico Colorado (Parapiptadenia rigida), Guatambú (Balfourodendron riedelianum), Toona or Australian cedar (Toona ciliata), Grevillea (Grevillea robusta), and Kiri (Paulownia sp). Figure 2 shows images of the in-house nursery located in “Lote 6A, municipality of Santo Pipo, Misiones, Argentina (https://earth.google.com/; 27° 7′45′′S, 55°25′07′′W). The seedlings are routinely taken to the field in pots 6 to 8 months after a preselection.



TABLE 1 Tree Species in the 10 has trial lot planted in 2010, as presented in this work.
[image: Table1]
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FIGURE 2
 View of the seedlings of native spaces and I. paraguariensis. In-house production of seedlings to ensure good quality can be achieved with low cost, ordinary means. Benches in (A) are seedlings of yerba mate (I. paraguariensis) being transferred to pots; (B) Lapacho negro (Handroanthus heptaphyllus); (C) I. paraguariensis in pots approximately 7 months later than (A) and ready for planting in the field; (D) are seedlings of Cañafístola (Peltophorum dubium).




2.4 Experimental design (a scalable model for self-sustainable, integrated agroforestry)

The development of our agroforestry project unfolded gradually, starting in the 1990s. The first step was the soil restoration of a 40-ha swath of highly degraded yerba mate plantations, established in 1934 and managed with conventional methods, by transitioning them into monoculture forest lots of pine (Pinus elliottis and Taeda). This transformation achieved a relevant level of soil restoration through a process of fallowing, in anticipation of a future redevelopment into diversified yerba mate plantations that would integrate various tree species (Comolli et al., 2023). At the heart of this initiative was the creation of a 10-ha agroforestry pilot, or ‘trial lot,’ carved out from the initially restored 40 has in 2010, as detailed in Chart 1. The pilot project was meticulously designed to enable a comparative analysis of different tree species and to contrast these with control lots that remained treeless. The implementation of the experimental trial lot is the subject of this manuscript. On the basis of this experience and motivated by these results, our agroforestry effort was expanded to 200+ has increasing the number of species as possible, but not keeping this rigorous design for data acquisition and quantitative comparisons. The overall characterization of the 200 + has agroforestry project is explained in a manuscript presented in the open source site agriRxiv (Comolli et al., 2023).

[image: Figure 3]

CHART 1
 Randomized installation of nine tree species for the creation of the multispecies agroforestry system trial lot spanning 10 has in four repeated blocks. Distribution of tree species planted in four repeated blocks, B1, B2, B3, and B4, allotted to “Lote 1 and Lote 3,” spanning a total of 10 has. T1, T2, …, T9 refers to “treatment.” A similar chart with this information is also included in an article about general and complementary, but less technical, aspects of the system for divulgation (Comolli et al., 2023).




2.5 Planted density of yerba mate and of trees

The planting strategy in our agroforestry lots was meticulously designed for optimal interaction between yerba mate (I. paraguariensis) and various tree species. The design of the trial lot consists of the randomized installation of nine tree species, providing nine “treatments,” spanning 10 has in four repeated blocks. The initial planting density and subsequent adjustments were based on empirical observations and aimed at achieving the best possible synergy between the components of the system. The agroforestry trial lot was created with a high density of yerba mate (I. paraguariensis) and trees following the diagram illustrated in Chart 2. The spacing was 1.5 m between plants of yerba mate in 5 adjacent lines or rows separated by 1.5 m, making for paired 5-fold lines. These where then spaced by 3 m “farm roads” for machinery. We call these rows “paired” or “composite” rows. This architecture in groups of 5 adjacent rows separated by a space of 3 m results in 3,700 plants per ha. The trees were planted in one row at the centre of each composite row, with 1.5 m of separation between trees (of a given species for a given group of neighbouring rows). The rows of trees were thus separated by 9 m, resulting in 741 trees per ha (Table 1). Visual examples are shown in Supplementary materials. The whole trial lot, therefore, comprehends approximately 37,000 plants of yerba mate (I. paraguariensis) and 7,410 trees of 9 species in equal numbers.

[image: Figure 4]

CHART 2
 Arrangement of I. paraguariensis and trees within the agroforestry system.


The development of the system was during the first few years, since the seedlings were implanted until the trees had acquired crowns and stems of adult trees, was monitored with great attention to the vitality and adaptability of various species within the integrated setup, and to the lessons we could learn for future work. The most commonly used measures of tree growth (Sterck and Bongers, 1998; Sumida et al., 2013) are stem diameter at breast height (DBH) and tree height (H), which were measured during the fourth and fifth year of the integrated agricultural agroforestry creation, verifying a very satisfactory evolution of the system since its inception, see Charts 3, 4 below. The most significant disparities were observed between Kiri and Araucaria respect to the development of the other species.

[image: Figure 5]

CHART 3
 Diameter at breast height, DBH, for 2014 and 2015.


[image: Figure 6]

CHART 4
 Heights for 2014 and 2015. Diameter at breast height, or DBH (m), and heights, Ht (m), for the tree species in the integrated agroforestry system at the age of 4 and 5 years. These measurements were of key relevance in the creation of criteria for the management of the system. The differences in measured values are statistically significant using a p-value of 0.05, except for the DBH of Araucaria. See also Supplementary Table 1.




2.6 Treatment details

The tree distribution was subsequently thinned at an age of 5 years to a space of 4.5 m between trees within each row as their growth and uniformity exceeded expectations; see Supplementary Figures 1, 2. The remaining trees had the lower branches trimmed to reduce the direct physical competition for space with I. paraguariensis, and to provide more space for the cultural manual work during the harvest. This thinning brought the density of trees to approximately 246 trees per ha and provided valuable material to the soil. It also improved growth conditions for I. paraguariensis (Table 1). A second intervention of thinning, taking every other tree out was done at an age of 8 years, in parallel with the trimming of the remaining tree crowns. This intervention left a space of 9 m between adult trees, with a density of trees of approximately 123 trees per ha and, and practically no branches at a height lower than 4.5 m (Table 1; Figure 3). The regrowth of the trees is being managed, and any dead tree replanted, so that when the new trees reach a good size, the older trees are cut down, alternating in this fashion to always have young trees and decomposing logs and branches on the ground as shown in Figure 4. In Figures 3A,B, we clearly see the size differences between adult trees and the regrowth from the shoots of the trees that were fell in the interventions.

[image: Figure 7]

FIGURE 3
 View of the experimental lot in February 2018 (A) and May 2019 (B–D). Panel (A) Anchico; (B) Toona the first two lines or rows, and Loro negro rows further back; (C) Toona left of road, and behind there are Lapacho negro and Anchico, (D) Toona front plane, Lapacho negro, and Guatambu backwards.


[image: Figure 8]

FIGURE 4
 Integration of part of the biomass created to the soil. These logs were produced with the thinning that increased the distance between trees from 4.5 to 9 m during spring of 2018, and these images were acquired in May 2019.





3 Results

The first and unexpected result was the vigor and uniformity of growth of all the species of planted trees during the first year, with less than 5% of failures, height variations within less than 10% within species, and the high rate of development of the trees throughout the years (Supplementary Figures 1–3). The species that presented a greater challenge in terms of cultural agricultural maintenance were Kiri and Grevillea, due to their susceptibility to the ‘water mold’ Phytophthora and to ants, respectively. The seedlings are routinely taken to the field in pots after a preselection (see Methods). Besides, the system is constantly managed with interventions that modify the width of tree crowns and number of trees per planted line, see below, so we cannot derive conclusions about “selective pressures” or “fitness” across the species used in this context. Araucaria trees have a significantly slower growth rate compared to other native species and species commonly used in commercial forestry, whereas Kiri trees grow very quickly. Yerba mate, on the other hand, grows even more slowly than Araucaria. Consequently, all these species develop a canopy that provides shade, beneficial for the Yerba mate plants which are still young and undeveloped. Typically, Yerba mate plants are trimmed for the first time in their third year to shape them. This trimming process is repeated in the fourth year, a time when Yerba mate’s yield remains low.

The canopy developed by Kiri, and the size and weight of the trunks, rapidly exceeds all other species (Charts 3, 4), and the balance needed for positive synergies with yerba mate. While Kiri has a positive impact on the growth of yerba mate during the first 4 years, beyond 5 years the competition created by the shade is detrimental (Supplementary Figure 2). The trimming and thinning the Kiri trees causes more widespread damage to mate plants than the other species, affecting more plants, as it must be done very early when the trees are at high uniform density. In contrast, all the other species reach a comparable, large size (exceeding the optimal size range for this system) after many more years. By this time the tree density has been reduced by a factor of 6 or more leading to more limited damage from the thinning these trees, and several seasons of positive synergies have been accomplished. Due to these factors, Kiri was quickly discarded as a candidate species for our system, and it largely vanished except for small patches that retained the original density (see Supplementary Figure 2C) for a few more years. All Kiri trees died by 2020. However, it has been subsequently used by other producers of yerba mate attending to its short-term high commercial value which provides a countercyclical activity to their operations.

The evolution of the system into adult trees and mate plants was very favourable, with a steady and consistent development (see Figure 3), and vigorous growth of the tree species. The canopy was managed heuristically by direct human observation through pruning, trimming, and thinning, towards a photosynthetically active radiation (PAR) permeability of at least approximately 50% or above. During the first 6 years interventions were limited to the trimming of lower tree branches, with the dual purpose of enhancing the trees apical growth and diminishing their physical competition for space. Supplementary Figure 2 shows the overall aspect of several tree species at the age of 6 years. After 7 and 9 years the number of trees was reduced as described in the section “Treatment Details.” The branches and trunks were systematically cut down in size and distributed along the lines of the plantation to enrich the soil with organic carbon, as shown in Figure 4. In this agroforestry agricultural system, pruning and trimming yerba mate plants accentuates the growth disparity between the canopy of the trees and the mate itself, establishing a lower (mate) and a higher (tree crowns) stratum, and guiding the heuristic management of the trees, as clearly seen in Figure 3.

Table 2 presents a list of stem diameter at breast height (DBH) and tree height (H), which are the most commonly used measures of tree growth (Sterck and Bongers, 1998; Sumida et al., 2013), at the ages of 7 and 12 years. The highest values for DBH and height at year 7 were obtained for Kiri, 37 cm and 11 m respectively, which was phased out of this system. For the rest of the species, the highest values of DBH were measured in Toona, Grevilea, Loro negro, and Cañafístola, with 20, 16, 16, and 15 cm, respectively. The tallest trees were Grevilea, Toona, Loro negro, and Guatambu, with 11, 8.5, 8, and 7.5 m of height, respectively. The smallest values were measured in Lapacho negro, Guatambu, and Anchico, with 11, 10, and 9 cm, respectively. The smallest heights were Guatambu, Lapacho negro, and Anchico with 3.8, 3.5, and 3.5 m, respectively. The allometric relationship, which assesses how these two growth metrics, DBH and H, correlate across different species, appears consistent. This implies that species with higher DBH measurements tend to also be taller, indicating a proportional growth pattern among these species. The smallest DBH measurements at year 7 were observed in Lapacho negro, Guatambu, and Anchico, with correspondingly low heights, marking them as slower-growing species in the early years. By the year 2022, notable increases in both DBH and height are observed for all species, indicating continued growth. Toona showed exceptional growth, reaching a DBH of 37.4 cm and a height of 15 m, marking it as the fastest-growing species in this period. Araucaria shows moderate growth by 2022, confirming the slow growth rate of this species.



TABLE 2 Tree measurements in the multispecies agroforestry system at years 7 and 12.
[image: Table2]

Measurements of photosynthetic active radiation (PAR) reaching the lower stratus after 7 years gave similar results in the range between 60 and 71% for Cañafístola, Toona, Grevilea, Guatambu, Lapacho negro, and Loro negro, see Table 2. For Anchico the PAR measurement was 53%, which, for practical purposes, aligns closely with the other species while transmitting slightly less sun light to yerba mate. For the remaining trees of Kiri (e.g., Supplementary Figure 2C) PAR measurements were 31%, validating the elimination of the species from the candidate list for this type of agroforestry system. The differences in recorded PAR values is due to tree canopy structure. On the other hand, due to their slow growth rate, Araucaria trees remained comparatively small and very thin. Even after 12 years, their height was still less than that of Cañafístola and Grevilea at 7 years, as detailed in Table 2. They require several more years to create a canopy stratum at a higher level. Consequently, PAR measurements for Araucaria were considered not relevant at this stage, as they are statistically undistinguishable from open sky measurements.

As illustrated in Table 3 and Chart 5, there is a relevant increase in total organic matter (TOM), from an average value of 3.06% in 2013 to 3.33% in 2021. Nonetheless, to fully account for the contributions to soil organic matter (SOM) by the trees, it is essential to consider the complete decomposition of the thick trunks of the thinned trees. This process is still ongoing at the time of writing this report and contributes incrementally to the soil’s organic content. This fact stands in stark contrast to the degradation of the soil typical of traditional, monoculture, yerba mate agriculture (Capellari et al., 2017). However, contrasting contributions are observed among the species studied. Loro negro and Araucaria have negatively impacted SOM, decreasing it by 0.16 and 0.46%, respectively. This reduction correlates with their narrow crowns and, in the case of Araucaria, its coniferous nature with less leafy, triangular-shaped needles. These features likely reduce the litter fall compared to species with broader crowns. All other species contributed to an increase in organic matter.



TABLE 3 Evolution of total organic matter per tree species.
[image: Table3]
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CHART 5
 Comparative evolution of the total organic matter per tree species. The values of TOM for Toona and Grevilea are very similar in 2013 and 2021, and their p-values are 0.758 and 0.776. All the other differences in values for TOM (%) between 2021 and 2013 are different with a statistical significance better than a p-value of 0.05 for these samples (including the loss of SOM for Loro negro and Araucaria).


These results are consistent, as all these species feature well-developed, wide-spreading crowns that contribute extensive canopy coverage. Guatambu, an evergreen tree which features a dense roundish crown, continuously sheds, and renews leaves, contributed the highest increase in SOM over the observed period. We sampled the Kiri sublots where the trees that that were let die in place had fell and decomposed, and the result is an increase in total organic matter as expected. The positive effects on soil from various species consociated with yerba mate are well-documented, leading to the enrichment of micronutrients and key elements such as phosphorous, calcium, nitrogen, and magnesium (Fernandez et al., 1997).

The extreme climate event spanning the spring of 2021 and summer of 2022 brought the ecosystem services provided by agroforestry system into stark contrast with the fragility of yerba mate monocultures. A comparison between yerba mate plants closely consociated with various tree species and those planted further away from trees as shown in Figure 5 reveals that plants consociated to trees experience significantly less stress. Trees provided shade, moderated the temperature, and help conserve moisture in the soil. In the months following the end of the extreme weather event, plants within the agroforestry system returned to produce sprouts and to grow, while plants in the monoculture control required a much longer period and human intervention to prune dry branches. While the harvest of yerba mate in the agroforestry system decrease approximately 20% for the year, the monoculture decreased by more than 30%. Before the extreme climate events of droughts and heat the differences between mate production with or without trees were smaller and subtler, as these are perennial species, and the effects accrue throughout years.

[image: Figure 10]

FIGURE 5
 View of the experimental lot in 2022. A comparison between yerba mate plants consociated with trees, and plants without intercalated trees within the same lot. These are views within the agroforestry experimental pilot lot of 10 has planted in 2010, and an adjacent lot planted in 2011, on the same soil with the same history. (A) The tree-planted cultivation of yerba mate; (B) a close-up view of yerba mate plants in close association with trees. Species in the field of view include Toona, Grevilea, Loro negro, and Cañafístola; (C) the control lot without trees, an area immediately adjacent to that shown in (B); (D) close-up view of the state of yerba mate plants in (C), within the control area free of trees of the trial lot. There is a mix of species including Toona, Lapacho, and Loro negro more visible from the background. Photos taken in January 2022.




4 Discussion


4.1 What our results show

In this study, we have successfully designed and implemented a multispecies agroforestry system specifically tailored for the perennial cultivation of yerba mate (I. paraguariensis) in a subtropical region. To assess the viability of agroforestry in the production of yerba mate, we tested the suitability of several species of trees in a systematic way. All species were tested in small single species lots, randomized, and repeated four times by design. Trees were integrated with the cultivated species, not along boundary alleys, leveraging inter-species interactions. With a size of 10 has, the experimental lot has the adequate size to isolate causes and effects from the wider context. This integrated multispecies system is proposed as a viable and superior self-sustainable alternative to traditional monoculture practices, in full agreement with previous work (Capellari et al., 2017; Fernandez et al., 1997; Day et al., 2011; Montagnini et al., 2011; Montagnini et al., 2006). This system not only supports the growth of yerba mate but also promotes biodiversity (Comolli et al., 2023), enhances soil quality, and improves ecological resilience.

An important result is that well-chosen agroforestry systems can sustain higher yields of yerba mate harvests while also increasing SOM and improving the working environment. Specifically, yerba mate harvest yields were higher beneath the tree canopy compared to the control plot for species such as Loro negro, Lapacho negro, Toona, and Cañafístola. However, yields were slightly lower for Anchico, Grevilea, and Guatambu. Interestingly, despite its slower growth, Araucaria-associated yerba mate yields also surpassed those of the control after 12 years. This variance in yield over time can be attributed to the differing levels of competition posed by each species, highlighting the dynamic nature of their influence on yerba mate productivity. The biodiversity created by the multispecies integrated system also contributed to a significantly lower incidence of detrimental insects relative to yerba mate traditional monocultures. These results are further discussed in another paper (Comolli et al., 2023) that compiles complementary information for a more general readership and divulgation of the value of agroforestry.

The system prevents soil degradation and irreversible loss of fertility and helps to restore already degraded lands. While the management of the trees through trimming and thinning provides organic matter, their roots help keep the permeability of the soil. Rainfall water runoff is considerably decreased, increasing soil water retention at higher depths. For optimal results, it is recommended that several of the tested species—excluding Kiri—be combined in alternating sequences. This approach would allow for more uniform permeability to photosynthetically active radiation (PAR), create a more natural habitat for birds, and support a broader range of biodiversity. Two species, Araucaria and Loro negro, did not prevent the loss of soil organic carbon typical of yerba mate monocultures (Capellari et al., 2017), a result consistent with their small and narrow crowns The intercalation of multiple species will solve this problem by spreading the contributions to the soil across them. Another important result was the performance of the system as climate change mitigation and adaptation strategy. During the extreme weather events of the spring and summer of 2021 and 2022, the system proved to be significantly more resilient. Plants within the system suffered only a delay in their evolution but no significant damages, while monocultures were devastated. The system harbours birds, and detrimental insect counts reveal average populations to be half, or lower, than outside the system in monoculture lots (Comolli et al., 2023). During the climate shock it was more common to find small animals within the slightly more benign environment provided by the agroforestry system (Comolli et al., 2023), which served a bit as a sanctuary.



4.2 Previous work and context

The effects of trees on the soil of yerba mate cultivation are well documented (Fernandez et al., 1997; Day et al., 2011; Montagnini et al., 2011; Montagnini et al., 2006). The consociation of trees across several species has a significant impact increasing micronutrients in the soil. In addition to organic matter, different species have measurable impact on the content of, e.g., phosphorus, nitrogen, calcium, magnesium (Fernandez et al., 1997; Day et al., 2011; Montagnini et al., 2011). In our case, we fertilize the system with standard, commercial triple nitrogen (N), phosphorus (P) and potassium (K; NPK) at the rate of 50 kg per 1,000 kg of harvested yerba mate distributed uniformly across the whole lot. As we cannot accurately deconvolute the contributions from both sources, we do not report them as absolute values here, but we observe variations across species analogous as the reported variations in organic matter. For example, Toona, Anchico, and Araucaria sublots have higher nitrogen content than the rest, Lapacho, Loro negro, and Toona higher phosphorous content, followed closely by Cañafístola and Anchico while Grevilea has a lesser improvement in values and Guatambu a decrease in values (see Supplementary Chart 1).

Although this project is not about planting tree forests, it is aligned and consistent with work showing much greater response ratios for planted forests made of a variety of different species than mono species (Gurevitch, 2022; Hua et al., 2022; Feng et al., 2022). Forest restoration projects based on multispecies achieve considerably higher results than monospecies using, as metrics, biomass production, above ground biomass, water retention, erosion control, species specific abundance, and biodiversity (Gurevitch, 2022; Hua et al., 2022; Feng et al., 2022). Indeed, multispecies restoration projects can approach values typical of native forests for these metrics (Gurevitch, 2022; Hua et al., 2022; Feng et al., 2022).



4.3 Climate change, adaptation, and mitigation

This conceptual framework also addresses the linked crisis of biodiversity loss, and climate change adaptation and mitigation. As the world continues to warm, climate hazards are expected to increase in frequency and intensity. The impacts of extreme events will also be more severe due to the increased exposure (growing population and development) and vulnerability (aging infrastructure) of human settlements (AghaKouchak et al., 2020). We all depend on nature for our food, air, water, energy, and raw materials. Nature and biodiversity make life possible, provide health and social benefits and drive our economy. Healthy ecosystems can also help us cope with the impacts of climate change. However, natural ecosystems and their vital services are under pressure from urban sprawl, intensive agriculture, pollution, invasive species, and climate change (Feng et al., 2022; Our World in Data, 2021; World Resources Institute, 2019; Food and Agriculture Organization of the United Nations (FAO), 2024; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), 2016). Integrated sustainable agroforestry systems provide a high intrinsic value independently of hypothetical scenarios of biodiversity and ecosystem services, and leverage Nature’s Contributions to People (NCP; Food and Agriculture Organization of the United Nations (FAO), 2024; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), 2016; Wilson and Lovell, 2016; van Noordwijk et al., 2021; van Noordwijk, 2021). They provide a set of strategies with the flexibility to incorporate a diversity of values, forms of knowledge or “ways of knowing,” which top-down solutions cannot provide (Meyfroidt et al., 2022; UN Environment Program, 2023; Wilson and Lovell, 2016; van Noordwijk et al., 2021; van Noordwijk, 2021).

Ecological and Conservation goals are not simply about “combating climate change,” adaptation and mitigation. Nor about aesthetic notions of nature and conservation, although there is wisdom as well in such views. Henry D. Thoreau (Cunningham, 2019) had already formulated a modern environmental philosophy suited for the sustainable development goals (SDGs) in the context of climate change. Observing the environmental degradation wrought by technological development and economic growth, in the second half of the 1800s he called for a revaluation of the natural world as having intrinsic worth (Cunningham, 2019). Indeed, the genetic codes of living organisms constitute the digital library of evolutionary adaptations of all life on Earth, a vast knowledge. A good deal of conservation should perhaps be done also for scientific reasons. We simply do not know enough about specific biological entities and about the web of connections that underpins our biosphere. What is clear however, is that we do not “extract” resources from an infinity pool, nor do we dump “externalities” into infinite sinks. We set agencies in motion as our actions cause reactions or responses.

Agroforestry projects based on an extensive search for maximum possible complexity do halt and reverse soil degradation, help reverse biodiversity loss, and provide some of the benefits, to a degree, provided by forests such as local climate modulation (Meyfroidt et al., 2022). Healthier ecosystems with richer biodiversity also yield greater long-term benefits such as more fertile soils, bigger yields of timber, and larger stores of greenhouse gases (UN Environment Program, 2023; Food and Agriculture Organization of the United Nations (FAO), 2024; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), 2016; Wilson and Lovell, 2016; van Noordwijk et al., 2021; van Noordwijk, 2021). We will always need farmland and infrastructure on land that was once forest. The open question is how ecosystems, like societies, will adapt to a changing climate (Our World in Data, 2021; World Resources Institute, 2019). If significant extensions of farmland and extensive free land area subject to human-induced degradation were converted to ambitious agroforestry schemes across scales, based on a sufficiently high number of consociated species instead of monocultures as we show in this work, a high impact in carbon sequestration, local climate modulation, land, and biodiversity restoration, could be achieved (Wilson and Lovell, 2016; van Noordwijk et al., 2021; van Noordwijk, 2021; Cunningham, 2019; Reith et al., 2020; Rodrigues et al., 2023). Actions that help reduce losses of biodiversity are found to also benefit the climate (Shin et al., 2022), and we have today unprecedented technological innovations including a digital infrastructure that could be leveraged towards SDGs (TWI2050, 2019; TWI2050, 2020).

The long-term sustainability and resilience of the system hinge on how the soil evolves and how the system responds to the increasingly frequent climate shocks and extreme climate events occurring worldwide. Our findings demonstrate the system’s effectiveness in conserving soil fertility and highlight its substantial benefits in mitigating the impacts of extreme climate events. In our view, these are two of the most critical results of our research.




5 Conclusion

Our findings illustrate the robustness of this agroforestry model in integrating diverse plant species with yerba mate cultivation. We demonstrate that incorporating trees into the production of yerba mate leverages the natural synergies between different species and provides significant benefits. The system has the capacity to sustain and restore soil fertility and create a viable, sustainable long-term cultivation strategy. It also helps to restore part of the biodiversity historically typical of the region and enhances resilience to climate change.

The scale of the experiment adequately enables the acquisition of relevant data and the formulation of conclusions of general validity. Our experimental system is scalable, capable of being expanded or reduced in size, and can be managed with or without mechanization, depending on the scale. Additionally, the experiment resulted in the creation of sufficient experience to further expand this initiative. This type of knowledge can help improve land management and reverse land abandonment in the region and elsewhere (Rodrigues et al., 2023). Implementing such agroforestry systems can significantly impact carbon sequestration, local climate modulation, and land and biodiversity restoration. As climate hazards increase in frequency and intensity due to global warming, integrated sustainable agroforestry systems provide a high intrinsic value, supporting Nature’s Contributions to People (NCP) and offering flexible strategies that incorporate diverse values and knowledge forms.

Overall, our study shows that well-designed agroforestry systems can sustain higher yields of yerba mate harvests while increasing SOM and improving the working environment. They prevent soil degradation, help restore degraded lands, and support greater biodiversity. These systems represent a superior, sustainable alternative to traditional monoculture practices, offering significant ecological, economic, and social benefits.
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Popular name Scientific name

Cafiafistola Peltophorum dubium 84 71% 15 n 244 12
Anchico colorado Parapiptadenia rigida 76 53% 9 55 241 14
Lapacho negro Handroanthus heptaphylius 100 63% 1 6 194 1
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Toona /Australian cedar | Toona ciliata 70 67% 20 85 374 15
Grevillea Grevillea robusta 95 64% 18 10 297 14

Diameter at breast height, or DBH (cm), and heights, Ht (m), for the tree species with good survival rates, and good maintenance. N is No. of Trees. The photosynthetic active radiation, PAR,
was measured with a bar ceptometer. Kiri (Paulownia sp.) had a higher failure rate but was also judged to not be viable in this system in the long term due o its exceedingly high rate of growth
and large canopy. Kiri trees are often pruned at the end of their first growing season to encourage a healthy, structured growth. In our system we skipped this early pruning that helps establish
a strong framework for the tree and can improve its robustness, and the majority slowly died in situ. Araucaria has a significantly slower growth rate that made measurements at young age
inconsequential (see Charts 3, 1), so they are not reported for 2013,
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