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Forest loss is one of the most serious threats to biodiversity in the tropics and mainly occurs due to the conversion of native forests by the expansion of human activities. In addition, regional climate change is likely to adversely affect the remaining biota. These disturbances may have direct or indirect consequences on the demographic structure of plant species in human-modified landscapes. To test this hypothesis, and thus look for management practices aimed at enhancing the population viability, we used the palm species Euterpe edulis Mart. (Arecaceae) to assess the demographic structure of five ontogenetic stages prior (2014) and after (2017) a prolonged drought event (2015) that occurred in the northeastern Atlantic Forest of Brazil. We also investigated the influence of landscape forest cover on the ontogenetic demographic structure, given that forest remnants were embedded within landscapes ranging from 6 to 97% of forest amount. We revealed that forest cover was a key predictor explaining the abundance patterns of E. edulis, with all ontogenetic stages (except seedlings, immature, and adults) exhibiting lower abundance in forest remnants surrounded by lower amount of native forests. Conversely, the regional drought event unaffected the demographic structure of this palm species, which may suggest that populations of E. edulis were able to cope with an isolated, though severe, drought event. The impacts of forest loss on E. edulis demographic structure, particularly on juveniles, raises a concern about the future persistence of E. edulis populations, since the early stages represent the adult generation in the near future. Management measures, including species reintroduction, forest restoration, environmental education programmes and the enforcement of environmental laws must be encouraged to safeguard E. edulis populations in the Atlantic Forest.
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Introduction

Habitat loss is one of the main threats to global biodiversity (Foley et al., 2005) and occurs mainly due to the conversion of continuous native forests by anthropogenic activities (Tabarelli et al., 2010). These anthropogenic impacts usually create fragments of varying sizes and degrees of isolation embedded within landscapes exhibiting different proportions of native forest (Fahrig, 2003). Tropical forests, while harboring more than three-quarters of the world’s biodiversity, have suffered the greatest rates of deforestation, with pervasive consequences for biodiversity persistence (Barlow et al., 2018). In fact, several studies have shown the negative effects of habitat loss on different taxonomic groups in tropical forests, such as birds (Morante-Filho et al., 2015; Melo et al., 2018), mammals (Bovendorp et al., 2019; Alves et al., 2020), and invertebrates (Souza et al., 2020). In addition, habitat loss severely decreases plant diversity, affecting both juvenile and adult tree assemblages (Rigueira et al., 2013; Benchimol et al., 2017), with drastic consequences for the their demographic structure (Leal et al., 2021).

Among the pervasive effects of forest loss is the widespread shifting of regional patterns of rainfall distribution and temperatures, thus potentially affecting species persistence within forest remnants (Lawrence and Vandecar, 2015; Spera et al., 2020). For instance, climatic factors are essential for the successful growth and development of plants. Abrupt climate events might lead to a decrease in plant density or local extinction of certain species (Allen et al., 2010). Moreover, intense or prolonged periods of drought can increase mortality, decrease plant growth and also modulate the distribution of sensitive species (Engelbrecht et al., 2007; Phillips et al., 2009), ultimately affecting forest recovery (Liebsch et al., 2008). Yet some plant species are able to acclimatize after abrupt climate event such a severe summer drought (Luo et al., 2016). Also, species response might be different according to the ontogenetic stage (classification of individuals based on the ontogeny or plant development stage) and the intensity and type of disturbance (Demirevska et al., 2009).

For several plant species, the transition from one ontogenetic stage to another is often highly sensitive to environmental variations (Jordano et al., 2004; Valiente-Banuet et al., 2015), resulting in demographic bottlenecks. Studies on the demographic structure may be key for assessing the species response after a disturbance event, or even anticipate the potential responses of species to the type of land use, its resources and management, although census data either in undisturbed areas or preferably prior to the disturbance would be required for comparisons (Hughes and Westoby, 1992; Chazdon, 2003). Additionally, demographic studies are also important to check which ontogenetic life stage(s) affect the population growth rate. Though, Condit et al. (1998) point out the complexity of using population structure as an indicator of future population trends. Indeed, population structure is only acceptable as a diagnostic tool for population health and viability when replicated in time and space. Therefore, long-term demographic observations are necessary to propose effective conservation practices and management actions (Morris et al., 2008). For instance, by assessing long-term population dynamics of the endangered Euterpe edulis plants in a Brazilian Atlantic Forest landscape, Portela and Dirzo (2020) revealed a substantial alteration in the palm stage distribution, with a decline in reproductive stages and a dominance of infants, mediated by severe defaunation. As management recommendations, the authors posit the importance of considering refaunation, especially of predators to overcome the current situation. However, few studies have monitored plant populations in tropical forest remnants, although this needs to be encouraged to enhance our understanding on the effects of disturbances on populations.

Among a wide diversity of tree families in the tropics, palms are among the main components of forest functioning (Terborgh, 1986) given the great production of fleshy fruits and seeds essential for frugivorous animals (Zona and Henderson, 1989; Galetti et al., 2013). However, the intense and rapid pace of deforestation observed in tropical forests is disrupting palm assemblages, with potential long-term consequences for the entire system. In the Brazilian Atlantic forest, for instance, palms exhibit contrasting patterns of responses to landscape-scale forest loss–both richness and abundance of “forest-interior” species were severely reduced in forest remnants surrounded by less than 40% of forest cover in the landscape, whereas “open-area” species proliferated in these areas (Benchimol et al., 2017). Landscape-scale deforestation might change the local conditions of forest remnants, such as increasing light availability, precipitation, and soil fertility. These local changes might negatively impact shade-tolerant species and shape the relative abundance of palm species in neotropical forests (Fauset et al., 2017; Muscarella et al., 2020). This is the case of the neotropical palm, E. edulis Mart. (Areacaceae), which grows preferentially under the closed and shady forest canopy, and tend to be absent in highly deforested (<25% forest cover) areas and large clearings (Gatti et al., 2011; Cerqueira et al., 2021; Leal et al., 2021). We argue that this species deserves special attention, given its underlying ecological role as an important food resource (especially in lean times) for several frugivorous vertebrate species, while representing a valuable economic asset for human consumption (Henderson et al., 1995). However, because harvesting of the heart from this single-stemmed palm leads to plant death, E. edulis has been overexploited, being locally extirpated from several forest remnants in the Atlantic forest (Galetti and Fernandez, 1998). Due to the combination of all these factors, E. edulis is classified as a vulnerable species, and thus, a conservation priority (Martinelli and Moraes, 2013).

Considering the high sensitivity of tree palms to climate conditions (Muscarella et al., 2020), coupled with the increasing drought events in tropical regions due to human-induced climate change, it is imperative to improve our understanding on how population structure is affected by extreme climatic events. In fact, plant responses to extreme weather events are still not completely understood. This mainly occurs because species responses are influenced by the intensity and frequency of events, and alternating periods of drought and rain in a given time scale can affect tree development (Lloret et al., 2012). Thus, we expect that abundance and occurrence patterns of the different ontogenetic stages of E. edulis will be affected by forest loss and local climatic conditions. Here, we used this endangered palm species to assess the demographic structure prior (2014) and after (2017) a prolonged drought event (2015) that occurred in the northeastern Atlantic Forest of Brazil. We also investigated the influence of landscape-scale forest cover on the ontogenetic demographic structure, given that forest remnants were embedded within landscapes ranging from 6 to 97% of forest amount. In particular, we hypothesized that early life stages (i.e., seedling and juveniles) will experience the greatest abundance decrease after the drought event, especially in more deforested landscapes, given their higher sensitivity to environmental changes (Larcher, 2000), such as deforestation and abiotic changes (Gatti et al., 2014; Leal et al., 2021).



Materials and methods


Study area

We conducted this study in ten forest remnants of the Atlantic Forest from southern Bahia state, Brazil (15°0′–16°0′ S and 39°0′–39°30′ W). Southern Bahia is considered a priority region for biodiversity conservation across the Atlantic forest hotspot, given its great number of forest species and endemisms (Martini et al., 2007). Deforestation has been occurring since the late 19th century, resulting in drastic changes in landscape composition. Currently, forest remnants are embedded within different agroecosystems, mostly composed of cattle pastures, rubber (Hevea brasiliensis), eucalyptus (Eucalyptus spp.), and cocoa agroforests (Theobroma cacao) (Benchimol et al., 2017). The vegetation is characterized as Tropical Wet Forest (Thomas, 2003), the climate type is Af following Köpen classification, being hot and humid, with annual average temperature and precipitation of 25°C and 1200 mm, respectively (Mori et al., 1983).

Forest fragments were selected using high-resolution satellite images from 2009 to 2011 RapidEye® (European space agency), QuickBird® (DigitalGlobe Inc. of Longmont, CO, USA), and WorldView® (Maxar Technologies Holdings Inc., in San Francisco, CA, USA), based on the percentage of native forest cover at the landscape-scale (Morante-Filho et al., 2015). In 2014, 10 forest fragments distributed in a contrasting gradient of landscape-scale forest cover were selected to perform demographic surveys of E. edulis (Oliveira, 2014)–six located in the municipalities of Mascote and Belmonte (“Southern” region, ranging from 6 to 59% of forest amount) and four located in the region of Una (“Northern” region, ranging from 46 to 97% of forest amount) (Figure 1). The two regions are 60 km apart, and present the same forest type, and exhibit similar soil composition, topography, and flora species (Thomas et al., 1998).
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FIGURE 1
Distribution of the 10 sampled forest fragments located in the Atlantic Forest of southern Bahia, including (A) Una region (Northern) and (B) Belmonte region (Southern).


Until the 19th century, landscape changes occurred in low intensity in both regions. From 1890 on, forests were increasingly lost in both regions. In the Southern region, eucalyptus plantations and cattle pastures became the predominant agroecosystems, whereas rubber and cocoa agroforests comprised the main land use types in the Northern region (Benchimol et al., 2017). However, large tracts of continuous forests were preserved in the North region, by the establishment of the largest protected area in the southern Bahia (Una Biological Reserve, with ∼18.000 hectares).



Demographic structure of Euterpe edulis Mart.

In 2014, one 0.5 ha forest plot (100 × 50 m) was established in the center of each selected forest fragment (Oliveira, 2014), and all individuals of E. edulis were recorded at different ontogenetic stages, based on Silva et al. (2009)–(i) seedlings–one or two palmate leaves and an endosperm reserve; (ii) juvenile (divided into two size classes): juvenile I–pinnate leaves, although palmate leaves might still be present, height ≤0.15 m; juvenile II–pinnate leaves only, height ≤1 m; (iii) immature–stem height >1 m with no sign of reproductive events; (iv) adults–stems with past or present signs of reproductive events. Three years later (i.e., 2017), we re-visited the same forest plots and performed another demography sampling following the same procedures described above.



Drought impact

Beginning in late 2014 and extending into early 2016, a severe and prolonged drought affected the southern region of Bahia, due to an El-Niño Southern Oscilation (ENSO) event (for more details see Getirana, 2016; Gateau-rey et al., 2018). Thus, to characterize this event in our study regions, we extracted annual rainfall data from the 5 years that potentially influenced our data collection (Supplementary Figure 1). These data were extracted from the stations closest to our study regions by INMTE (Instituto Nacional De Meteorologia, 2022). Additionally, to evaluate the potential impact of the drought period on the demographic structure of E. edulis, we used precipitation measurements from two different periods: 2013, which corresponds to the previous year of the first survey, and 2015, which was the drought year (see Supplementary Figure 2). We extracted precipitation measurements from the Tropical Rainfall Measure Mission (TRMM) of NASA (US National Aeronautics and Space Administration) with 0.25°× 0.25° resolution. Precipitation of the driest month of each year were downloaded from the satellite TRMM 3B43 version 7 (TRMM 2011), and the number of dry days was calculated using daily measures of the TRMM 3B42 version 7 (GES DISC 2016).



Forest cover amount

Using the ARCGis 10.2 program (Environmental Systems Research Institute [ESRI], 2014), we obtained the amount of native forest surrounding each fragment by calculating the percentage of forest cover at different buffer size radii–200, 400, 600, 800, and 1000 m. Multi-scale analysis is widely recommended for assessing the scale of effect when previous knowledge is lacking on the spatial scale that the target biological group responds (Thompson and McGarigal, 2002). The scales were selected based on the dispersal capacity of toucans (Ramphastos vitellinus), the largest frugivorous bird species that consume E. edulis fruits in our study region (Holbrook, 2011). We avoided scales larger than 1000 m due to overlapping and potentially non-independence among landscapes. We thus used the values of R2, which measures the proportion of variation in Y (ontogenetic stage) explained by X (amount of forest cover in each spatial scale), selecting the model that obtains the highest value of R2 (Supplementary Table 1). The 800 m radius had the highest R2 value for 3 of the 5 ontogenetic stages; therefore, this was the radius size used in all subsequent analysis. Therefore, forest cover measurements at this scale ranged from 6 to 97% (Figure 1).



Data analysis

All analyses were conducted in R version 3.5.1 (R Core Team, 2018). We first controlled for high levels of inter-dependence for all of our continuous predictors: number of dry days, precipitation of the driest month, and forest cover; by performing a Pearson’s correlation matrix, retaining non-correlated variables (r < | 0.70|). The number of dry days and precipitation during the driest month were highly correlated (r = −0.97), therefore the driest month was used in our analysis. We thus performed Generalized Linear Mixed Models (GLMMs) using a Negative Binomial distribution for overdispersed count data (Hardin and Hilbe, 2007) to assess the influence of forest cover and the precipitation of the driest month on E. edulis abundance using their z-standardized values, and ontogenetic stage in interaction with all predictors. To deal with the repeated measures nature of the data we settled the year as a random part of the model.

All candidate models were built using Maximum Likelihood (ML) procedures with lme4 package (Bates et al., 2015). We used the dredge function of MuMIn (Bartón, 2018) to examine every possible first-order variable combination and selected the models based on the Akaike Information Criterion (AICc) corrected for small samples (Burnham and Anderson, 2004). We considered as parsimonious the model that presented the lowest AICc value. Conditional and marginal R2 was calculated following (Nakagawa et al., 2017).




Results

In 2014, a total of 2.183 individuals of E. edulis were recorded, representing all five ontogenetic stages across all sampled fragments. In 2017, we recorded a total of 2.359 individuals, which represents an increase of 8.06% compared to 2014 (Supplementary Table 2). Considering the different ontogenetic stages, in 2014 the largest percentage of individuals was juvenile II (N = 1.125; 51.53%), followed by juvenile I (N = 449; 20.57%), immature (N = 279; 12.78%), seedlings (N = 196; 8.98%), and adults (N = 134; 6.14%). We also recorded a similar pattern in 2017, in which the largest percentage of individuals was also juvenile II (N = 1.285; 54.57%), followed by juvenile I (N = 484; 20.52%), immature (N = 339; 14.37%), seedlings (N = 140; 5.93%), and adults (N = 111;4.71%) (Figure 2).


[image: image]

FIGURE 2
Abundance of Euterpe edulis in the different ontogenetic stages in the years 2014 and 2017 in a forest cover gradient in ten forest fragments sampled in the Atlantic Forest of Southern Bahia.


Our results showed that forest cover at the landscape scale, not precipitation of the driest month, was the most important predictor of E. edulis abundance (Figure 3), retaining a single best model with 70% of ɷAICc (Table 1), marginal R2 = 0.40, conditional R2 = 0,40. The ontogenetic stages also reflected this effect, being juvenile II the most sensitive to forest cover loss followed by juvenile I (Figure 3 and Table 2). We did not detect any effect of year explaining differences in E. edulis abundance (Table 2).
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FIGURE 3
Relationship between forest cover (z scale) and E. edulis ontogenetic stages. The 95% confidence intervals around linear fit are shown in gray.



TABLE 1    Top-ranked candidate models, and their respective Akaike’s information criterion with small sample size correction (AICc), the difference between a given model and the best model (ΔAICc), and the Akaike weights (ωAICc).
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TABLE 2    Top-ranked Generalized Linear Mixed Model coefficients explaining the relationship between Euterpe edulis abundance, its ontogenetic stage and forest cover at landscape scale within 800 m radius buffer.
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Discussion

Our results demonstrate the effects of landscape-scale forest loss on the demographic structure of E. edulis, a endangered species endemic to the Atlantic Forest. Forest loss affected juveniles I and II, strongly decreasing the number of individuals of both ontogenetic stages in highly deforested landscapes. Surprisingly, the regional drought event did not affect the abundance of E. edulis individuals, regardless of the ontogenetic stage, considering all sampling fragments. These results suggest that this threatened species is greatly affected by landscape deforestation but is presumably able to cope with oscillations in precipitation in terms of demography. Therefore, increasing forest cover is a top conservation priority to mitigate population depletion of E. edulis in fragmented forest landscapes in the threatened Brazilian Atlantic Forest.

Contrary to our prediction, our results showed that E. edulis can mostly tolerate a regional drought event in southern Bahia, by maintaining population density over 3 years. Yet a single fragment, exhibiting 19% of landscape forest cover, had experienced a greatly decay of adults after the drought, which can be associated to its specific local conditions. Indeed, this small fragment has a stream that turns the entire soil greatly wet along the year, which also potentially explains the highest local density of adults and comparable densities of seedlings and juveniles to those sites immersed in high-forested landscapes cover. Therefore, the severe drought might have pronounced affected the persistence of adults in this specific location, regardless other studied forest fragments. It is known that factors such as climate and hydrology are important predictors of palm species distribution (Eiserhardt et al., 2011). Physiological and morphological attributes of Arecaceae species, such as low drought-tolerance, have been suggested as one of the reasons explaining the limits of family distribution to the tropical and subtropical regions (Henderson et al., 1995). Particularly for E. edulis, a substantial decrease in seed water content across different populations was observed during an extremely dry year (Portela et al., 2020). This would be important considering the increasing severity of ENSO events projected due to climate change scenarios (Cai et al., 2014). These events in turn lead to several environmental changes such as the 2015 drought in North-eastern Brazil (Getirana, 2016; Gateau-rey et al., 2018), with potential detrimental effects on plant communities (Engelbrecht et al., 2007; Allen et al., 2010). However, Foden et al. (2019) state that different populations may respond to climate change differently along their general distribution. In fact, E. edulis showed high seed germination in contrasting conditions of light and water availability, being considered a species with a wide seed germination niche (Braz et al., 2014). In view of this, we emphasize the importance of further studies evaluating the influence of climate change, especially drought, not only on the abundance patterns of this species, but also the underlying processes structuring these patterns.

Landscape-scale forest loss was the determining factor explaining E. edulis abundance, according to previous findings that revealed the importance of forest cover in explaining the demographic patterns of this species considering all ontogenetic stages (Leal et al., 2021). In thus study, we unveil that juveniles were greatly affected by landscape deforestation. Generally, the number of seedlings in both years and in both regions was exceptionally low, exhibiting similar values to other studied areas impacted by harvesting (Portela, 2008) or under intense seed predation (Fadini et al., 2009). Additionally, studies suggest the presence of a “Bahia” ecotype that presented low fruit production (Bovi et al., 1987; Coelho, 2010). Previous research in the same fragments showed that 82% of all E. edulis seeds were predated by vertebrates and invertebrates, while only 2.8% of the dispersed seeds successfully recruited (Soares et al., 2015). Indeed, the local assemblage of seed predators is an important factor in the recruitment of new individuals. We suggest that the low abundance of recruiting seeds is the result of a combined effect of the intrinsic low fertility of regional ecotype, the high levels of seed predation, and overall changes in local conditions triggered by deforestation. Moreover, landscape deforestation causes not only substitution of specialist bird species by generalists and the overall loss of frugivorous bird species (Morante-Filho et al., 2015), but also reduces the number of interactions between frugivorous birds of the understory and species of fruit plants (Menezes Pinto et al., 2021). Considering that frugivorous birds consume a greater amount of fruit compared to species that belong to other food guilds, which consume fruit only sporadically (Garcia and Martinez, 2012; Sebastián-González, 2017), the loss of frugivorous birds and the reduction of interactions with plants may have consequences for the dispersal of E. edulis seeds. However, we were not able to detect this in this study, and the seedlings may not yet have reflected this event. Additionally, developing seedlings of E. edulis continue to consume seed reserves within approximately 6 months after germination, which might increase survival success even in adverse conditions, potentially explaining the maintenance of seedling abundance in deforested landscapes (Haig and Westoby, 1991; Andrade et al., 1996).

Our results also showed that immature and adult abundance did not change with the landscape forest loss. The number of individuals from this ontogenetic stage was also low, independent of the year evaluated. Nevertheless, when present, this species was among the most abundant adult palm species in our studied area (Benchimol et al., 2017), suggesting that young individuals are those experiencing the worse effects. Previous demographic studies on E. edulis in the southern Bahia region assessed the conservation status of the species (Melito et al., 2014), and indicated that population densities in this region were higher than those in regions stressed by harvesting or intense seed predation, but much smaller than those in areas protected for a longer time, that is, biological reserve with stricter supervision. To maintain viable E. edulis populations in forest remnants, at least 50 adults per hectare is recommended (Freckleton et al., 2003). According to this criterion, only one forest remnant assessed in our study presented a viable population, the exceptional wet one embedded within 19% FC. Thus, while forest loss unaffected the abundance of adults in different years, added to the fact of having little recruitment of seedlings, it is possible that those future adult populations will likely experience negative consequences given that previous ontogenetic stages are showing greater sensitivity to forest loss.

According to our expectations, forest loss had detrimental effects on E. edulis juveniles. These ontogenetic stages showed the highest abundance in accordance to previous demographic studies on E. edulis (Marcos and Matos, 2003; Milanesi, 2012; Portela and Dirzo, 2020). Together, these life stages represent more than 70% of the total abundance of individuals in the evaluated landscapes. These stages might be sensitive to current changes in landscape-scale forest loss due to the known effects of deforestation on forest structure (Rocha-Santos et al., 2016). In deforested landscapes the local forest structure shrinks, becoming similar to secondary forests, i.e., tree density and basal area are reduced, trees are thinner and smaller, leaves become more concentrated in lower forest strata and canopy openness increase (Rocha-Santos et al., 2016). The changes triggered by those disturbances might negatively affect the light regime and microclimate and hydrological forest cycles (Wright, 2010), ultimately affecting E. edulis juveniles.



Implications for conservation

Despite the reduced sample size, our results suggest that E. edulis populations in the southern Bahia were able to hold out during a drought event, but not forest loss at the landscape scale, especially the juvenile stage. This result raises a concern about the future persistence of E. edulis populations, given that the earlier stages will represent the succeeding adult generation in the near future. Given the high deforestation rates in the Atlantic Forest, especially in the Bahia state (Fundação SOS Mata Atlântica and INPE, 2021), we highlight that management actions is urgent to prevent further population decreases in the remaining forest fragments. In particular, we suggest a combination of conservation efforts to reverse the current situation, including: (i) species reintroduction, especially in those highly deforested landscapes; (ii) forest restoration initiatives, together with the maintenance of high amount of forest cover at the landscape scale; (iii) environmental education programs, and (iv) enforcement of the existing environmental laws to avoid the species harvest for human consumption. Safeguarding this endangered species will certainly contribute to the provision of fruit resource for frugivores. In fact, the maintenance of this complex and delicate network is pivotal to assure long-term conservation and resilience of the threatened Atlantic Forest. In the Atlantic Forest, landscape deforestation changes the structure of forest remnants, which tends to be potentiated with climate change. In addition, deforestation by itself affects the persistence of E. edulis, however, the species is also the target of high exploitation, mainly in smaller fragments, where people have easier access. Therefore, it is important to curb deforestation and restore forest remnants in order to mitigate the negative effects of deforestation and climate change.
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