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Abstract 

Large-scale forest restoration relies on approaches that are cost-effective and 

economically attractive to farmers, and in this context agroforestry systems may be a 

valuable option. Here, we compared ecological outcomes among (1) 12-15 year old 

coffee agroforests established with several native shade trees, (2) 12-15 year old high-

diversity restoration plantations, and (3) reference, old-growth forests, within a 

landscape restoration project in the Pontal do Paranapanema region, in the Atlantic 

Forest of southeastern Brazil. We compared the aboveground biomass, canopy cover, 

and abundance, richness and composition of trees, and the regenerating saplings in the 

three forest types. In addition, we investigated the landscape drivers of natural 

regeneration in the restoration plantations and coffee agroforests. Reference forests had 

a higher abundance of trees and regenerating saplings, but had similar levels of species 

richness compared to coffee agroforests. High-diversity agroforests and restoration 

plantations did not differ in tree abundance. However, compared to restoration 

plantations agroforests showed higher abundance and species richness of regenerating 

saplings, a higher proportion of animal-dispersed species, and higher canopy cover. The 

abundance of regenerating saplings declined with increasing density of coffee plants, 
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thus indicating a potential trade-off between productivity and ecological benefits. High-

diversity coffee agroforests provide a cost-effective and ecologically viable alternative 

to high-diversity native tree plantations for large-scale forest restoration within 

agricultural landscapes managed by local communities, and should be included as part 

of the portfolio of reforestation options used to promote the global agenda on forest and 

landscape restoration. 

 

Key words: agroforestry; Coffea arabica L.; ecological indicators; forest landscape 

restoration; natural regeneration; shade coffee;   

 

Implications for practice 

• High-diversity coffee agroforestry systems can facilitate forest and landscape 

restoration in the Atlantic Forest region while providing income for landowners 

during their first years; 

• High-diversity coffee agroforestry systems can have equivalent (or better) ecological 

outcomes as restoration plantations established within the same region; 

• The ecological restoration value of high-diversity coffee agroforests can be reduced 

in intensively-managed systems, indicating a trade-off between ecological and 

productive benefits. 

 

Introduction 
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The loss and fragmentation of native forest ecosystems has been primarily driven by 

agriculture expansion, as a consequence of the growing demand for food, fuel, and fiber 

to sustain the rapidly increasing global human population (Lamb et al. 2005; Báez et al. 

2011). Intensively managed production systems that remove all trees from the landscape 

have particularly negative consequences, while traditional agroforestry, such as shade-

coffee production, re-establish trees in the landscapes and use eco-friendly approaches 

of production that can aid forest conservation (Garrity et al. 2006; Latawiec et al. 2016; 

Kremen & Merenlender 2018). In this context, we address the potential for agroforestry 

systems to mitigate the degradation caused by intensive agriculture and restore native 

forest ecosystems in degraded landscapes (Moguel et al. 1999; Vieira et al. 2009).  

To reach ambitious global restoration goals while supporting the needs of a growing 

population, forest restoration initiatives should be integrated with other land uses (e.g. 

agricultural activities) as a strategy for improving restoration cost-effectiveness and 

attractiveness to farmers (Adams et al. 2016, Brancalion & Chazdon 2017), thereby 

improving both biodiversity conservation and human well-being at the landscape scale, 

an approach known as Forest and Landscape Restoration (FLR) (Mansourian et al. 

2005). Although recent studies have explored the cost-effectiveness of different 

restoration approaches for ecosystem services provisioning (Birch et al. 2010; Molin et 

al. 2018), more information is needed about the differential performance of restoration 

approaches that include food producing species. The inclusion of food trees in 

restoration, including exotic species, was already recommended for improved 

restoration success in terms of human population involvement (Brancalion et al. 2014; 
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Muler et al. 2018), but this approach has not been rigorously assessed so far. By 

integrating restoration with agriculture production, restoration costs can be minimized 

(Brancalion et al. 2012), the pressure for more agricultural land can be mitigated 

(Latawiec et al. 2015), and the provision of ecosystem services improved (Brancalion et 

al. 2012; Uriarte & Chazdon 2016). Besides, forest-based production systems can 

increase landscape connectivity in degraded and deforested landscapes, benefiting 

biodiversity conservation (Bhagwat et al. 2008; Harvey et al. 2008; Uezu et al. 2008). 

Agroforestry systems are among the most well-known production systems that integrate 

agriculture with environmental recovery (Lamb et al. 2005; Souza et al. 2016; Schulz & 

Schröder 2017; Harrison et al. 2018). These systems consist of land-uses where woody 

perennial plants are grown with agricultural crops or cattle pastures in a spatial 

arrangement or temporal sequence (Appanah et al. 2015; Hillbrand et al. 2017). 

Worldwide, agroforestry systems have been successfully used for agricultural 

production, especially in poor countries, where farmers have little access to resources 

for investing in external inputs (Besseau et al. 2018). High-diversity agroforestry has 

also been promoted as a cost-effective restoration approach (Ramos et al. 2009; Braga et 

al. 2018), which is more likely to be adopted by farmers (Souza et al. 2016; Besseau et 

al. 2018). Furthermore, some authors argue that agroforestry systems promote greater 

human involvement with forests, providing a sense of reconnection with nature that 

results in higher conservation outcomes (Miller 2005; Folke et al. 2011; Raymond et al. 

2013).  
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Coffee agroforestry systems offer high potential for tropical forest restoration (Toledo 

& Moguel 2012; De Beenhouwer et al. 2013; Valencia et al. 2016; Irizarry et al. 2018). 

This production system is based on the use of shade trees, which can consist of several 

native species, and results in a well-developed forest structure (Braga et al. 2018), while 

coffee −a shade-tolerant small-tree− grows in the understory. Coffee agroforestry 

systems have been widely used in many regions around the world, and have been shown 

to yield high levels of both coffee production, and restoration and conservation 

outcomes (Perfecto et al. 2005; De Beenhouwer et al. 2013; Cerda et al. 2017; Nesper et 

al. 2017; Robusti et al. 2017).  

Despite the environmental advantages of coffee agroforestry in comparison to 

traditional tree-less agricultural land uses, it is not clear  whether these systems produce 

similar ecological outcomes as widely implemented active restoration approaches, and 

thus could be used even in contexts where restoration is mandatory. High-diversity 

restoration plantations have been widely used in the Atlantic Forest of southeastern 

Brazil to comply with the Forest Code, which mandates forest restoration in degraded 

landscapes  (Rodrigues et al. 2011; Brancalion et al. 2016). Agroforestry could be used 

as a pathway for restoration in conjunction with restoration plantations and other 

strategies in a Forest and Landscape Restoration scenario, where the economic benefits 

of agroforestry could engage landowners in restoration that generates multiple benefits.  

To investigate the potential of coffee agroforestry as a pathway for restoration in this 

context, we compared ecological outcomes among (1) 12-15 year old coffee agroforests 

established with several native shade trees, (2) 12-15 year old high-diversity native tree 
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restoration plantations, established with no food production purposes, and (3) reference, 

old-growth forests, within a forest and landscape restoration project in the Pontal do 

Paranapanema region, in the Atlantic Forest of southeastern Brazil. We also identified 

landscape drivers of the attributes of these forests, in order to discuss general 

recommendations for both coffee agroforests and restoration plantations, aiming for 

FLR. 

 

Methods 

Study area and sites 

The study was carried out in the Pontal do Paranapanema region (Fig. 1), municipalities 

of Teodoro Sampaio and Euclides da Cunha Paulista, São Paulo State, Southeast Brazil. 

The native vegetation in the region is classified as Seasonal Semi-deciduous Forest, 

which is one of the most threatened vegetation types within the Atlantic Forest hotspot 

for global biodiversity conservation (Ribeiro et al. 2009). The region has a tropical wet-

dry climate (Alvares et al. 2013), with a hot and rainy season from October to March, 

and a dry period from April to September. Mean annual precipitation is 1,341 mm and 

mean annual temperature is 24.1°C. The elevation in the region varies from 265 m to 

320 m, and predominant soil classes are the Ferrasols (Red Latosol) and Ultisols (Red-

yellow Argisol) (Rossi 2017; Santos et al. 2018). The sandy soils of the region (Girardi 

et al. 2002) are especially vulnerable to erosion, which highlight the importance of 

regional restoration and more sustainable land uses (Ditt 2002).  
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Deforestation in the region peaked in mid-20th century for cattle production and coffee 

plantations (Leonidio 2009), and pasturelands on flat topography have been rapidly 

replaced by sugarcane plantations in the last decade. Land tenure in the region is 

heterogeneous, including land-reform settlements, small and large farms from private 

farmers and sugarcane mills, and protected areas (Valladares-Padua et al. 2002), such as 

the “Morro do Diabo” State Park, the second largest forest remnant (37,000 ha) of 

Seasonal Semi-deciduous Forest in the Brazilian Atlantic Forest (Uezu et al. 2008). 

Other forest fragments, with sizes ranging from 2 to 2,000 ha, are spread over several 

private properties and land-reform settlements (Cullen et al. 2005; Uezu et al. 2008). 

This region has one of the last populations of jaguar (Panthera onca) in the Atlantic 

Forest (Galetti et al. 2013) and is one of the last refugees of the endangered black lion 

tamarin (Leontopithecus chrysopygus), one of the rarest New World primates (Culot et 

al. 2015). During the last 15 years, the Brazilian NGO “Instituto de Pesquisas 

Ecológicas” (IPE) started restoration and agroforestry projects in the region in order to 

promote social development in land-reform settlements and conservation of the highly 

threatened species of the region (Cullen et al. 2005).    

We selected 20 shaded-coffee agroforests (hereafter agroforests) established 12-15 

years ago, four high-diversity restoration plantations with similar age as agroforests, and 

three reference, old-growth forests (hereafter reference) within the boundaries of the 

FLR program run by “Instituto de Pesquisas Ecológicas” in the region. All agroforests 

were about 1 ha in size, established in small farms within rural settlements (Fig. 1), and 

consisted essentially of two planting rows of coffee (Coffea arabica L., varieties Obatã 
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and IPR 100) alternating with one row of Atlantic Forest native trees. These agroforests 

were established with the aim of increasing biodiversity conservation in the productive 

landscapes, through the creation of “stepping stones” between forest fragments. Because 

agroforests aimed to help restore native forest structure and diversity, they were 

implemented with about 20 or more native tree species, a particularity of these coffee 

agroforests compared to others in Brazil, which usually use a single shade tree species.  

Native trees species were randomly selected and planted in 4 m × 4 m spacing (625 

trees.ha-1), and initial spacing of coffee was about 1 m × 2.5 m (about 4,000 coffee 

plants.ha-1). However, coffee abundance varied from site to site due to differences in the 

original abundance and post-planting survival of coffee shrubs. In some cases, farmers 

abandoned agroforests after the first few years and left the area only for forest 

protection, increasing mortality of coffee plants. In the productive sites, expected coffee 

production is 600 kg of processed coffee per hectare each year, with an income of up to 

USD 1000.ha-1.year-1 for landowners. All agroforests were found within a radius of 40 

km. Restoration plantations (Fig. 1) were more than 10 ha in area and were established 

within big farms, arranged as ecological corridors to increase connectivity between 

neighboring forest fragments. A 3 × 2 m spacing (1,667 trees.ha-1) was employed, with 

80-100 native tree species grouped into pioneers and non-pioneers, as typically done for 

forest restoration plantations in the Atlantic Forest (Rodrigues et al. 2009). Both 

agroforests and restoration plantations were fenced to prevent cattle invasion, and 

fertilized and weeded through mowing and/or glyphosate spraying in the first two years 

after planting. Some pioneer trees were pruned in the agroforestry plots after the second 
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year after planting. Tree seedlings for both planted forests came from local community 

nurseries while coffee seedlings were obtained from comercial nurseries located in 

Paraná state, Brazil.  

We selected three old-growth, well-conserved forest patches (Fig. 1) which form part of 

the National Ecological Stations of the Black Lion Tamarin as reference ecosystems and 

were no more than 15 km away from the restoration sites we sampled. Although 

reference plots were installed 50 m from forest edge, forest structure was 

heterogeneous, with some areas of discontinuous and/or low canopy, probably due to 

pervasive edge effects that may go beyond the 50 m buffer (Barlow et al. 2016). Thus, 

structure and diversity values of our reference forests may be lower than similar old-

growth forests in the literature, but since all restoration plantations and agroforests 

sampled in this study are near a forest edge, we still consider such forests as valid 

references for interpretation of our results. 

 

Data collection 

We sampled trees in 24 plots of 25 ×16 m (400 m²) in the 20 agroforests, 14 plots in the 

four restoration plantations, and eight plots in the three reference forests, totaling 27 

sites and 46 plots. In the reference forests, plots were at least 100 m apart from each 

other, whereas the minimum distance for restoration and agroforestry plots was 50 m. 

We sampled all restoration plantations in the selected landscape. But, because there was 

a low number of them with similar age to agroforests, we sampled fewer plots in 

restoration plantations than agroforests. Within each plot we identified and measured 
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diameter at breast height (DBH) and height of all living trees with DBH ≥ 5 cm. 

Additionally, we installed two 4 × 25 m subplots inside each sample plot to assess 

canopy cover, and abundance and species richness of spontaneously regenerating 

saplings (with height ≥ 0.5 m and DBH < 5 cm). Canopy cover was estimated by an 

adaptation of the line interception method (Viani et al. 2018). A 25-m line was placed in 

the forest floor and the portions of this line covered by the vertical projection of tree 

crowns (including those of coffee plants) were measured and converted in percentage. 

Using secondary data, all identified species were classified into seed dispersion 

syndromes as animal-dispersed or abiotic-dispersed (Embrapa 2011; Silva 2012; Zama 

et al. 2012; Barbosa et al. 2017).  

 

Data analysis  

First, we calculated abundance and number of species per plot, separately for trees with 

DBH ≥ 5 cm and for regenerating saplings. We estimated tree aboveground biomass 

(AGB) of each stem based on the allometric equation developed by Chave et al. (2014) 

for plots in the reference ecosystem, and by Ferez et al. (2015) for restoration 

plantations and agroforests. Data on wood density for the sampled tree species were 

obtained from Global Wood Density Data Base (Chave et al. 2009). For unidentified 

trees (27 from 1,327 individuals), we estimated wood density as the average density for 

the plot. Then, abundance, canopy cover, mean species density per plot and AGB were 

compared among agroforests, restoration plantations and references using ANOVA 

followed by the Tukey test for mean post-hoc comparison (α = 0.05) when data were 
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normally distributed. When data were non-normally distributed, we compared by 

Kruskal-Wallis followed by the Wilcoxon test for mean comparison (α = 0.05). We 

used R 3.5.1 for all analysis (R Core Team 2018).  

To compare tree and regenerating saplings species richness, we generated species 

rarefaction curves with individuals identified to species level, using the rarify function 

in the R package ‘vegan’ (Oksanen et al. 2018). To compare species composition 

among restoration strategies and reference ecosystems, we calculated Chao-Jaccard 

dissimilarity index (Chao et al. 2004) between each plot and created a graph using 

nonmetric multidimensional scaling to visualize dissimilarity among plots using the 

“mds” function. Exotic species (6.9%, 16 from 216) were excluded from richness 

analyses. Finally, we compared values for regenerating sapling richness and abundance, 

and for canopy cover with reference values (prescribed as adequate, minimum or critical 

according to the thresholds) used to assess trajectory of mandatory ecological 

restoration in São Paulo state, Brazil (Chaves et al. 2015). Abandoned and productive 

agroforests were grouped into a single category for all the comparisons, because a 

preliminary analysis showed no difference between them for ecological indicators (Fig. 

S1). 

We used generalized linear models to identify landscape drivers of four forest attributes 

related to ecological outcomes and carbon sequestration in agroforests and restoration 

plantations. The four forest attributes analyzed were: i) biomass; regenerating saplings 

ii) abundance, iii) richness, and iv) proportion of animal-dispersed individuals. We 

considered as drivers i) old-growth forest cover in a 1-km buffer around the plot (Sloan 
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et al. 2016); ii) plot distance from old-growth forests; and iii) plot distance from all 

forests, including any agroforest and restoration planting. 

We checked for variable inflation and removed variables that could compromise the 

models. When data fitted normal distribution, we developed models using the Gaussian 

distribution. For each forest attribute, we generated all possible models plus a null 

model using the R package MuMIn (Barton 2016) and calculated the sum of squares for 

each model, selecting models with ΔAICc ≤ 2. If the null model was among the best 

models, we considered that the drivers were uninformative for the given attribute. We 

found no spatial autocorrelation of our data through the Mantel Test using packages 

“ade4” (Dray & Dufour 2007) and “geoR” (Ribeiro Junior & Diggle 2018).  

 

Results 

Ecological outcomes of agroforests and restoration plantations 

Reference forests had a much higher abundance of trees and regenerating saplings than 

agroforests and restoration plantations (Fig. 2, Table S1). Although agroforests and 

restoration plantations did not differ in tree abundance, agroforests had higher sapling 

abundance and canopy cover (Fig. 2). According to local quality standards to assess 

forest restoration legal compliance, the average abundance of regenerating saplings and 

canopy cover of agroforests were minimum (intermediate level) and adequate (top 

level), respectively, while restoration plantations were critical (low level) for both 

indicators (Fig. 2b,d; and Table S1).  
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Reference forests had higher species density of trees and saplings per plot, whereas 

mean number of tree species per plot did not differ between agroforests and restoration 

plantations (Fig. 3). No differences in the proportion of animal-dispersed tree species 

(DBH ≥ 5 cm) were found among forest types (Fig. 3). However, both species density 

and proportion of animal-dispersed sapling species were higher in agroforests compared 

to restoration plantations. Rarefied species richness curves confirmed the higher 

richness of native trees and saplings in agroforests compared to restoration plantations 

(Fig. 4). Tree species composition was markedly different in reference sites and similar 

in agroforests and restoration plantations, whereas sapling composition was similar in 

all forest types (Fig. 4). 

The number of native woody species regenerating in agroforests varied from 3 to 21 

species per site. When we counted number of species per site, we found that seven out 

of the 20 agroforest sites had 15 or more species, the minimum legal threshold for forest 

restoration in São Paulo state, but only four of 20 reached the adequate levels of 

regenerating sapling richness in the understory (Table S1). Half of the restoration 

plantations (two out of four) had more naturally regenerating species than the minimum 

legal threshold (Table S1). All the species sampled are listed in Table S2).  

The abundance of regenerating saplings is related to the density of coffee plants in the 

agroforests (Fig. 5). According to our model, 15-yr-old agroforests would have to have 

between 1,600 and 1,100 coffee plants per hectare to support regenerating saplings 

abundance within the minimum and adequate reference values, respectively, according 

to the legal quality standards for ecological restoration in the State of São Paulo (Fig. 5). 
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Four of the five agroforests with more than 2,500 regenerating saplings per hectare were 

abandoned and only one is productive (Fig.5).  

 

Landscape drivers of forest attributes 

Most drivers of forest attributes had low r-squared values (< 0.5) for the linear models 

applied, therefore some results show weak trends and should be interpreted with 

caution.  Distance from native forests was a key landscape driver of forest attributes 

mainly for restoration plantings (Table 1). Restoration plantings had higher biomass, 

and regenerating saplings richness and proportion of animal dispersed individuals when 

closer to native forests. On the other hand, agroforests showed lower abundance of 

regenerating saplings when closer to old-growth forests. The complete list of the models 

generated is in Table S3. 

 

Discussion 

In agricultural landscapes, where farmers heavily rely on land use for their wellbeing, 

and where needs for productive land uses present conflicts for establishing restoration 

plantations, we found that coffee agroforestry is a promising component of FLR 

contributing to both tree diversity and bio-economy. Coffee agroforestry may have 

equivalent (or better) ecological outcomes than conventional restoration plantations for 

tropical forest restoration in the studied agricultural landscape. In addition, most of the 

coffee agroforestry sites we evaluated achieved the regional quality standards for 
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canopy cover and abundance of regenerating saplings suggesting that forest restoration 

is following a desirable trajectory.  

While the restoration type was a significant determinant of forest attributes 12-15 years 

after implementation - with agroforests having higher abundance, richness, and 

proportion of animal-dispersed species of regenerating saplings than restoration 

plantations – more isolated restoration plantings showed lower regenerating sapling 

abundance and richness, indicating the relevance of landscape considerations such as 

spatial arrangement of interventions for ecological restoration. As expected, compared 

to reference forests, both restoration treatments showed lower tree and regenerating 

saplings abundances and species richness.  

Even though agroforests were initially implemented with lower tree densities, they 

showed higher AGB – especially when it contained more tree species – probably 

because landowners are more likely to tend for these systems on the long term for their 

direct benefits (Viera et al. 2009) and because they are closer to their residences. 

Nevertheless, results varied among forests. Surprisingly, reference forests presented 

high plot variation in AGB, probably because some of them are near (~50 m) to forest 

edges, and changes in microclimate conditions and human-mediated disturbances 

associated with this environment may have also reduced reference forest AGB 

(Magnago et al. 2016). As both agroforests and restoration plantations are usually 

carried out in areas < 50 m from edge, the references selected are valuable guidelines 

for restoration in the region. 
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At the landscape scale, isolation was an important factor in defining regenerating 

sapling proportion of animal-dispersed individuals and tree AGB in restoration 

plantings. Other studies have reported limited regeneration of native woody species in 

isolated ~10 year old restoration plantations in the Atlantic Forest region (César et al. 

2018), yet older plantations can have a high abundance and richness of regenerating 

plants (Bertacchi et al. 2016).  

Periodically cleaning the understory by weeding is a common practice to favor coffee 

plants in agroforestry systems (Boreux et al. 2016). This may explain the limited 

richness of regenerating saplings in the agroforests understory, which was farther than 

other ecological indicators to achieving the values attesting forest restoration 

compliance in São Paulo State, Brazil. However, we found more abundant and 

diversified native woody species regenerating in the understory of agroforests than in 

restoration plantations. Possibly, this is caused by greater attraction of seed dispersers 

(Viani et al. 2015), because this system provides better habitat for vertebrates (Perfecto 

et al. 2003; Komar 2006; Caudill et al. 2015).  In addtion, the greater abundance of 

natural regeneration may be related to the higher canopy cover in agroforests, which 

may provide a more favourable habitat to seedling establishment by supressing invasive 

grasses. Regardless results reinforce the high ecological restoration value of high-

diversity agroforests in some agricultural landscapes. High-diversity restoration 

plantations have been successfully used for decades in the Atlantic Forest region 

(Rodrigues et al. 2009), and there are many sites with biomass stocks and tree species 

richness with comparable levels to old-growth forests (Garcia et al. 2016). However, 
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restoration plantations require intensive labor and high financial investments for at least 

two-three years after implementation to succeed (Ferez et al. 2015; Brancalion et al. 

2019). Besides, young restoration plantations do not provide direct financial benefits to 

farmers, who are often unable to invest sufficient resources to support the development 

of successful restoration trajectories in native tree plantations. In other cases, farmers 

may find alternative ways to profit from restoration plantations, like cutting fences for 

allowing cattle grazing in plantation understory, a common problem in the region 

especially in the dry season, when pastures are dry and farmers have to complement 

cattle feeding. In extreme cases, young second-growth forests are re-cut to use the land 

for agriculture (Reid et al. 2019). In this context, agroforests can be considered a garden 

for farmers, who manage and produce several other products besides coffee (i.e. timber, 

fruits, honey), thus maintaining and protecting these forest patches (de Oliveira & 

Carvalhaes 2016; Souza et al. 2016). It is necessary to investigate more deeply the 

social and economic factors that motivate landowners’to carefully manage  the forest 

type under restoration. Our results corroborate the idea that more constant monitoring 

and maintenance carried out by farmers may be an advantage and the main cause for the 

higher ecological outcomes of agroforests than conventional forest restoration 

plantations in the study region (Vieira et al. 2009; Brancalion et al. 2012). 

In the study region, costs for establishing agroforestry and restoration plantations are 

around US$3,000 and US$4,800 per hectare, respectively (L. Cullen, 2019, Institute of 

Ecological Research - IPE, Brazil, personal communication). Thus, agroforestry can be 

a cost-effective pathway for restoration that provides direct economic benefits for 
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farmers, especially in the early years. However, managing coffee agroforests for 

restoration may require navigating complex trade-offs between natural regeneration and 

coffee production, as the abundance of regenerating saplings was negatively associated 

with the abundance of coffee plants. For instance, we found that coffee abundance 

should be, in general, lower than 1,600 individuals per hectare to support the minimum 

legally accepted understory recolonization by native plants at the age of 15. This is a 

low density of coffee plants for shade systems (Baggio et al. 1997; Soto-Pinto et al. 

2000), which in turn could make shade coffee production no longer attractive to 

landowners. We found an exception of a productive coffee agroforest with almost 2,000 

coffee plants per hectare harboring more than 3,000 native regenerating saplings per 

hectare. It suggests that it is somehow possible to keep good levels of native tree species 

recruitment with higher densities of coffee plants. Thus, we suggest that further studies 

investigate which cropping and restoration practices may lead to these results. 

One alternative to be tested would be to plant high abundance of coffee at the moment 

of agroforestry implementation, and manage it in the first years, when higher light 

availability may allow for good coffee yields in the shade of developing native plants, 

as is frequently done in some regions in Brazil (Baggio et al. 1997, Campanha et al. 

2004). After this period, the density of coffee plants would be reduced or the system 

could be abandoned for forest recovery. In this context, high-diversity coffee 

agroforests would be a pathway for restoration – a transient land use used to facilitate 

native forest recovery while providing income for landowners for a few years (Vieira et 

al. 2009). Also, pruning and thinning native trees may thus be necessary to maintain 
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coffee production (van Oijen et al. 2010) during restoration development. While the 

impacts of these practices require further studies, it may in fact benefit forest restoration 

(Swinfield et al. 2016). We are neither advocating for the sole use of agroforestry 

systems for forest restoration nor that coffee agroforesty systems will always have 

better outcomes than high-diverse restoration plantations, especially in the long term. 

We argue instead that managing agroforests for restoration requires looking at the 

landscape level and integrating ecological and production data, as well as the perception 

of farmers on the pros and cons of these systems, in order to achieve both socio-

economic and environmental benefits through forest restoration.  
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 Table 1. Models ΔAICc<2 for the landscape drivers of forest and natural regeneration 

attributes of coffee agroforests and restoration plantations in Pontal do Paranapanema 

region, Southeast Brazil. LAND.COVER: proportion of old-growth forest cover in a 1-

km buffer around the plot; DIST.ALL: distance from the nearest forest (including 

agroforests or restoration sites); DIST.OG: distance from old-growth forests. 

Coffee agroforestry systems  

Attribute Best models ΔAI
Cc R² 

Biomass 
NULL* 0.00 0.00 
LAND.COVER 0.95 0.06 
DIST.OG 1.45 0.05 

Regenerating saplings 
abundance DIST.OG 0.00 0.19 

Regenerating saplings richness 
DIST.ALL 0.00 0.12 
NULL* 0.66 0.00 

Regenerating saplings 
proportion of animal dispersed 
individuals 

DIST.OG 0.00 0.14 
NULL* 1.17 0.00 
DIST.ALL + DIST.OG 1.71 0.17 

Restoration plantations 

Attribute Best models ΔAI
Cc R² 

Biomass 

DIST.ALL + DIST.OG 0.00 0.49 
DIST.OG 0.52 0.34 
DIST.ALL + LAND.COVER 0.59 0.47 
DIST.ALL + DIST.OG + LAND.COVER 1.78 0.57 

Regenerating saplings 
abundance NULL* 0.00 0.00 

Regenerating saplings richness DIST.ALL 0.00 0.33 
Regenerating saplings 
proportion of animal dispersed 
individuals 

DIST.ALL + DIST.OG 0.00 0.48 

DIST.ALL 0.32 0.33 

*No relevant drivers, since the null model is among the best models. 
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Figure 1. Locations of the study sites in the Pontal do Paranapanema landscape, São 

Paulo state, Brazil. Each black marker (star, square, triangle) represent a 400 m² study 

plot.  

 

Figure 2. Abundance of trees (DBH ≥ 5 cm; A) and regenerating saplings (height ≥ 50 

cm, DBH < 5 cm; B), aboveground biomass (AGB; C), and canopy cover (D) in reference 

forests, coffee agroforests, and restoration plantations in the Pontal do Paranapanema 

landscape, São Paulo state, Brazil. Different letters above the boxplots indicate significant 

differences (Tukey test for A, C-D; Wilcoxon test for B; p < 0.05). Values above the 

dotted line are considered adequate, between the dotted and continuous lines are 

considered minimum, and below the continuous line are considered critical according to 

the legal ecological standards of São Paulo State to attest forest restoration compliance.  

 

Figure 3. Mean species richness for trees (DBH ≥ 5 cm; A) and regenerating saplings 

(height ≥ 50 cm cm, DBH < 5 cm; B), and proportion of animal-dispersed trees (C) and 

regenerating saplings (D) in reference forests, coffee agroforests, and restoration 

plantations in the Pontal do Paranapanema landscape, São Paulo state, Brazil. Different 

letters above the boxplots indicate significant differences (Tukey test for A, C-D; 

Wilcoxon test for B; p < 0.05).  
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Figure 4. Rarefied species richness of trees (DBH ≥ 5 cm; A) and regenerating 

saplings (height ≥ 50 cm cm, DBH < 5 cm; B), and two-dimensional nonmetric 

dimensional scaling plots of Chao-Jaccard dissimilarity index for trees (C) and 

regenerating saplings (D) in reference forests, coffee agroforests, and restoration 

plantations in the Pontal do Paranapanema landscape, São Paulo state, Brazil. Dotted 

lines represent one standard deviation from the mean number of species in graphs A 

and B. 

 

Figure 5. Negative binomial generalized linear model between the density of 

regenerating saplings and the coffee abundance in abandoned (red points) and 

productive (blue points) coffee agroforestry systems at Pontal do Paranapanema 

landscape, São Paulo, Brazil. Values above the continuous line are considered 

adequate, and below the dotted line are considered critical according to the legal 

ecological standards of São Paulo State to attest forest restoration compliance.   
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