

[image: image1]
Community-Based Conservation and Management of Chelonians in the Amazon












	 
	ORIGINAL RESEARCH
published: 22 March 2022
doi: 10.3389/fevo.2022.769328





[image: image]

Community-Based Conservation and Management of Chelonians in the Amazon

Paulo Cesar Machado Andrade1*, Paulo Henrique Guimarães de Oliveira2, Aldeniza Cardoso de Lima3, João Alfredo da Mota Duarte4, Sandra Helena da Silva Azevedo4, Anndson Brelaz de Oliveira5, Carlos Dias de Almeida Júnior4, Eleyson Barboza da Silva4, Jânderson Rocha Garcez5, José Ribamar da Silva Pinto4, Liriann Chrisley Nascimento da Silva4, Midian Salgado Monteiro1, Wander da Silva Rodrigues4, Thiago Luiz Ferreira Anízio4, Alfredo Luiz Belém Pontes4, Ruth Lima Teixeira4, Jefferson Moreira da Silva4, Wallice Luiz Paxiúba Duncan3 and Richard Carl Vogt6†

1Laboratory Wild Animal, Faculty of Agricultural Sciences, Department of Animal and Plant Production, Federal University of Amazonas, Manaus, Brazil

2Institute of Social Sciences, Education and Animal Science, Federal University of Amazonas, Manaus, Brazil

3Institute of Biological Sciences, Federal University of Amazonas, Manaus, Brazil

4Community Chelonian Management Program—Pé-de-pincha Project, Manaus, Brazil

5Federal Institute of Education, Science and Technology of Amazonas, Manaus, Brazil

6Amazonian Chelonian Studies Center, National Institute of Amazonian Research, Manaus, Brazil

Edited by:
Jean Boubli, University of Salford, United Kingdom

Reviewed by:
Adriaan Engelbrecht, University of the Western Cape, South Africa
Thomas George Bornman, South African Environmental Observation Network (SAEON), South Africa

*Correspondence: Paulo Cesar Machado Andrade, pcmandra@yahoo.com.br

†Deceased

Specialty section: This article was submitted to Biogeography and Macroecology, a section of the journal Frontiers in Ecology and Evolution

Received: 01 September 2021
Accepted: 02 February 2022
Published: 22 March 2022

Citation: Andrade PCM, de Oliveira PHG, de Lima AC, da Mota Duarte JA, da Silva Azevedo SH, de Oliveira AB, de Almeida Júnior CD, da Silva EB, Garcez JR, da Silva Pinto JR, da Silva LCN, Monteiro MS, da Silva Rodrigues W, Anízio TLF, Pontes ALB, Teixeira RL, da Silva JM, Duncan WLP and Vogt RC (2022) Community-Based Conservation and Management of Chelonians in the Amazon. Front. Ecol. Evol. 10:769328. doi: 10.3389/fevo.2022.769328

Chelonians represent an important resource in the Amazon, either as a source of protein at the base of the food chain of aquatic and transition ecosystems, or in the dispersion of seeds of plants from floodplains and flooded forests. The consumption and predatory exploitation of their meat and eggs by local populations has been, and still is, one of the main threats to these animals. Community-based conservation projects allied to official protection programs have been restoring populations of chelonians of the genus Podocnemis throughout the Amazon since 1974. In this study, we analyzed the historical time series of protection data of Podocnemis expansa, P. unifilis, P. sextuberculata and P. erythrocephala in areas protected by the government and communities in the Amazonas state and northwest of Pará state. Between 1974 and 2019, 230,444 nests and 21,350,201 hatchlings of P. expansa, 170,076 nests and 3,229,821 hatchlings of P. unifilis, 647,715 nests and 6,410,092 hatchlings of P. sextuberculata and 24,617 nests and 168,856 hatchlings of P. erythrocephala were protected. Community protection schemes emerged in 1990, and covered 80.7% of the areas and produced 64.2% of P. unifilis hatchlings and 44.6% of P. sextuberculata hatchlings. The areas with the highest production of P. expansa remain under government protection (57.4%). Using the time series of production of nests and hatchlings per beach, logistic growth curves were estimated, and the values of r and K were compared between the two protection systems (government and community). Beaches controlled by the government showed higher support capacity in the production of nests (1,910.7 ± 1,035) and hatchlings (211,513 ± 93,031) of P. expansa and P. sextuberculata (81,160 ± 34,924 hatchlings). However, the communities were more efficient in protecting nests (r = 0.102 ± 0.2315) and hatchlings (r = 0.282 ± 0.166) of P. unifilis. Community-based protection and monitoring programs are an important component that should be incorporated by the government’s environmental agencies for the management and conservation of turtles in the Amazon.
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INTRODUCTION

At approximately 240 million years old, chelonians are one of the oldest reptile groups. Of the 360 species currently recognized worldwide, 56–61% are threatened (Rhodin et al., 2018; Stanford et al., 2020). The Amazon is considered one of the regions with the greatest wealth of chelonians in the world, comprising 18 species, 11 of which are aquatic, 5 semi-aquatic and two terrestrial species (Rueda-Almonacid et al., 2007; Ferrara et al., 2017). However, this diversity may be much greater (Carvalho et al., 2016; Cunha et al., 2019; Vargas-Ramírez et al., 2020). Five species of Podocnemididae are found in the region: the giant South American river turtle, Podocnemis expansa (Schweigger, 1812); the yellow-spotted river turtle, P. unifilis (Troschel, 1848); six-tubercled river turtle, P. sextuberculata (Cornalia, 1849); red-headed river turtle, P. erythrocephala (Spix, 1824); and the big-headed turtle, Peltocephalus dumerilianus (Vogt, 2008).

Chelonians play an important role in the ecosystem as the basis of food chains in aquatic, transitional and terrestrial environments (Campos-Silva et al., 2018) and assist in seed dispersal, mineral cycling and carbon storage (Jerozolimski et al., 2009; Nascimento et al., 2015; Lovich et al., 2018). They are a food source for a wide diversity of predators ranging from invertebrates such as ants, fly larvae, northern mole cricket, to vertebrates, such as fish, alligators, birds, lizards and even jaguars (Salera et al., 2009; Andrade et al., 2016; Erickson and Baccaro, 2016). Beaches where a large number of turtle nests occur provide positive co-benefits for other aquatic and terrestrial animal species that are attracted there (Campos-Silva et al., 2018).

Amazon turtles synchronize their life cycle with the variations in the water level of the rivers and lakes (Alho and Pádua, 1982; Vogt, 2008). During the flood season of the Amazonian rivers, these flooded areas are used as places of shelter and for feeding (Garcez et al., 2012; IBAMA, 2019a). Chelonians have mostly fruit-based (17–30.8%) and seed-based (17–18.9%) diets (Fáchin-Téran and Vogt, 2014; Garcez et al., 2020; Oliveira et al., 2020) thereby acting as potential seed dispersers and play an important role in the dynamics of the regeneration of floodplains and flooded forests (Eisemberg et al., 2017).

The turtles have developed features such as a protective shell and a life history characterized by seasonal and mass egg laying, producing many hatchlings (r strategists), with delayed maturity, prolonged reproductive life and great longevity that has allowed for adaptation in many ecosystems. These same features have made them vulnerable to extinction in the face of threats caused by man (Stanford et al., 2020).

Chelonians have always been an important food resource for the riverine populations of the Amazon (Pezzuti et al., 2010; Andrade, 2017). The native Indians, especially those ethnicities that lived in the floodplain areas, exploited this resource by consuming the eggs and meat of turtles (Smith, 1979; Prestes-Carneiro, 2013; Meza and Ferreira, 2015), with evidence that some of these species had areas of their current distribution influenced by human translocations in pre-and post-Colombian periods (Guix, 2020).

With the arrival of the Portuguese colonizers in the sixteenth century, this exploitation became even more intense, with millions of turtles of the Podocnemis genus being slaughtered. Millions of eggs from these turtles were also used for the production of oil for public lighting, in the preparation of food and even mixed with pitch to caulk sailing vessels (Schneider et al., 2011; Fiori and Santos, 2013, 2015; Andrade, 2017). It was only in 1849 that the first prohibition appeared in the Amazon region, Brazil, to protect the nesting beaches in the Solimões, Amazonas and Negro Rivers, since these species, mainly P. expansa, had begun to disappear (Andrade, 2015). In 1967, the Brazilian Federal Government, through law N° 5,197/67 (the Fauna protection law), prohibited the capture and marketing of wildlife, thus making it illegal to exploit turtles—a practice that for centuries had been carried out by the peoples of the Amazon, and as a result caused an impact on the extractive economy of the region (Benchimol, 1999; Antunes et al., 2016, 2019).

The main threats to the chelonians in the Amazon are the rampant overexploitation of adults and eggs (Pantoja-Lima et al., 2014; Morcatty and Valsecchi, 2015; IBAMA, 2019a; Charity and Ferreira, 2020), the loss and degradation of aquatic and terrestrial habitats (feeding, dispersal, reproduction, nesting) due to deforestation, the expansion of urban areas (Conway-Gomez, 2007; Bowne et al., 2018) and the implementation of hydroelectric dams, highways, mining, and even uncontrolled tourism on nesting beaches (Fagundes et al., 2018; ICMBio, 2018; IBAMA, 2019a).

The commercial capture of chelonians is one of the factors that, even today, contributes most to the decline of aquatic and terrestrial turtle populations throughout the Amazon (Hernández and Espín, 2003; Fachín-Terán et al., 2004; Pezzuti et al., 2010; Schneider et al., 2011; Norris and Michalski, 2013; Penaloza et al., 2013; Pantoja-Lima et al., 2014; Harju et al., 2017; Morcatty et al., 2020). In general, these resources are exploited by local communities for subsistence consumption or sold to nearby cities or large regional centers such as the cities of Manaus, Santarém and Belém (Canto et al., 1999; Andrade, 2008; Nascimento, 2009).

It is estimated, based on the seizure data of the environmental agencies and the police, that between 1992 and 2011, 86,949 chelonians (13,289 P. expansa; 3,933 P. unifilis; 19,279 P. sextuberculata, 474 P. erythrocephala, 49,583 Podocnemis sp., 184 Peltocephalus dumerilianus, 195 Chelonoidis sp. and 9 Chelus fimbriatus) and 42,941 eggs were seized in the Amazonas state alone (Nascimento, 2009; Andrade, 2015), which represents from 52 to 57% of all animals seized (Canto et al., 1999; Nascimento, 2009). Between 2012 and 2019, 11,894 chelonians (29% P. expansa, 27% P. unifilis, 7% P. sextuberculata, 5% P. erythrocephala, 1% P. dumerilianus and 31% Podocnemis sp.) and 16,090 eggs were seized (Charity and Ferreira, 2020).

With an annual average of seizures of 4,347 chelonians/year and 2,147 eggs/year, between 1992 and 2011, and decreasing to 1,487 animals/year and 2,011 eggs/year, between 2012 and 2019, this may indicate a reduction of enforcement and control actions in the region, but could also be because of improved protection.

In 1979, the project “Chelonians of the Amazon” emerged, through which the government began to protect the breeding areas of Podocnemididae that still existed in the Amazon. In addition, in the 1990s, several conservation activities were developed by the Amazonian riverine communities, especially to organize fisheries agreements (Pinto and Pereira, 2004). This participation in the process of implementation and monitoring the management of aquatic resource has been called co-management, community management or participatory management (Berkes, 2009; Freitas et al., 2009; Campos-Silva et al., 2020).

In 1999, in the middle of this period of changes, the Federal University of Amazonas (UFAM) created, in partnership with IBAMA and riverines of Terra Santa, a community-based chelonian conservation program in the lower Amazon, called “Pé-de-pincha,” has already returned 5,204,849 chelonian hatchlings back to nature (Andrade, 2017). Other actions of community conservation of chelonians have been recorded in the Brazilian Amazon (Miorando et al., 2013; Waldez et al., 2013) as well as in other countries of the Amazon Basin and Orinoco River (TCA, 1997; Soini, 1999; Towsend, 2008; Hernández et al., 2010; Harju et al., 2017).

Most of the protection programs for P. expansa and P. unifilis in the Amazon have sought to protect breeding females, nests and hatchlings, which seems to have contributed significantly to averting these species from the risk of extinction (Cantarelli et al., 2014; IBAMA, 2016; Pezzuti et al., 2018; Forero-Medina et al., 2019; Norris et al., 2019). However, turtles are long-living animals, and models that use demographic estimates of age, growth, fertility and survival are key to their management (Spencer, 2002; Zimmer-Shaffer et al., 2014). For Podocnemis expansa, there have been few studies aimed at estimating their population growth (Diniz and Santos, 1997; Norris et al., 2019; Rachmansah et al., 2020).

In order to adequately monitor conservation efforts, it is necessary to know if there is an increase in the populations of turtles through the work of protecting eggs and hatchlings in managed areas, both in areas protected by the State, and in areas protected by communities, and whether there are differences between these management systems. The systematization of the protection data of the nests and hatchlings of turtles in areas protected by the federal government or programs in community-based conservation in the state of Amazonas, would be one way. This, together with population attributes of the structure and the population dynamics of these stocks, will allow us to estimate population models for local turtles of the Podocnemis genus. Thus, we will able to evaluate the efficiency of these programs and predict the possible future impacts of these types of management systems on the conservation of these species.

The present study had the following objectives: (a) characterize and evaluate the different chelonian conservation and management systems for Podocnemis expansa; P. unifilis; P. sextuberculata; P. erythrocephala in the Amazonas state and in northwest Pará state, Brazil; (b) analyze the production data from the official federal environmental agency protection system of chelonian nesting beaches (1974–2019) and the conservation data from the community management system of chelonians (1999–2019) in these areas of the Amazon; (c) generate mathematical population models that simulate the evolution of the production of nests and hatchlings from the data of the management systems of chelonians analyzed; (d) estimate the intrinsic growth rate (r) and the support capacity (k) from the models generated.



MATERIALS AND METHODS


Area of Coverage and Geographical Location

This study was developed from the analysis of the historical data series (1974–2019) of conservation of chelonians of the Amazon Chelonian project (PQA) of the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA) and the National Center for Research and Conservation of Reptiles and Amphibians (RAN) at the Chico Mendes Institute of biodiversity (ICMBio). Data was obtained from the locations that participate in the Pé-de-pincha Program of the Federal University of Amazonas (UFAM) in the physiogeographic zone of the middle-lower Amazon River and on the Trombetas, Nhamundá, Uaicurapá, Andirá, Marau, Uatumã, Madeira, Negro and Tefé Rivers, for the period from 1999 to 2019; and also in the areas of PROBUC (Biodiversity Monitoring Program and the Use of Natural Resources) on the Juruá and Purus Rivers, and from the Center for Preservation and Research of Aquatic Chelonians (CPPQA), on the Uatumã River, over the same period. The map of the sites used in the analyzes is presented in Figure 1.
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FIGURE 1. Chelonian conservation areas in the Amazonas state and the northwestern section of the Pará state, Brazil.




Methodology

We analyzed 82 technical reports and field records of the areas protected by PQA—IBAMA in the Amazonas state, as well as the data provided by the Chelonian Integrated Data System (SISQUELONIOS) of the RAN—ICMBio, for the period from 1974 to 2019. In addition, we analyzed 138 beach protection permits that were granted in the period between 1964 and 2004 by the respective environmental agencies: Department of Hunting and Fishing of the Ministry of Agriculture (until 1966), 58% of the permits; Brazilian Institute of Forest Development (IBDF) from 1967 to 1989, 27%; IBAMA between 1989 and 2004, 14%; and permits from the respective municipalities, 1%.

The chelonian management systems adopted in this period in different areas and rivers were identified and characterized. The existing data on the number of nests, eggs and hatchlings of giant South American turtles (Podocnemis expansa), yellow-spotted river turtles (P. unifilis), six-tubercled river turtles (P. sextuberculata) and red-headed river turtles (P. erythrocephala) and the time and resources applied in the conservation work of the chelonian nesting beaches by the federal government were inserted in a database and tabulated in a spreadsheet (Excel 2013) and then analyzed.

Similarly, data on the number of nests, eggs and hatchlings of the studied Podocnemis species and the time and resources applied in the work of community conservation of chelonians through the Pé-de-pincha program and in the PROBUC, for the period from 1999 to 2019 were also tabulated and analyzed. These data were analyzed and used for the formulation and simulation of mathematical models.


Mathematical Modeling, Model Validation and Statistical Analysis

The data were tabulated and two sample groups were considered: (1) the production of chelonians in areas with exclusive protection by the government (federal or municipal), and (2) in areas subject to community management. The production data of nests and hatchlings by species on each beach were related to the length of protection time each area had received. After the Pearson’s correlation analysis, regression analysis (linear, quadratic and polynomial) was performed, through which the existence of growth trends in the number of nests and hatchlings on each nesting beach was verified. These analyses were performed using the statistical programs MINITAB and STATISTICA v.7. The parameters of the regressions with the best fit were used in the population growth models: logistic and Gompertz (Barry, 1995; Gotelli, 2007). The curve estimates were made using the PAST 2.08 statistical program, and subsequently defined as a general model of analysis of the logistic curve:

- Logistic model:
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where Nt = total number of nests/egg-laying females or hatchlings produced in time t; No = number of nests, egg-laying females or hatchlings produced in the first year of protection work; r = intrinsic population growth rate; E = Napier’s logarithmic constant = 2.717; K = carrying capacity (Gotelli, 2007).

With the curve models established for each breeding site for each species, the coefficients r and K of the growth models of the number of nests and hatchlings were defined. K values were determined by the maximum population density. The values of r and K were obtained directly from the models estimated by the PAST program, or through the first derivation of the logistic curve of population growth. The support capacity, K, was also estimated by regression between N and r, with K being equal to the value at which the line cut the X axis. The value of r was estimated from K and the size (N) of the population (Krebs, 1986; Brower et al., 1989). When the rate of intrinsic growth (r) was greater than zero, it meant that the population was growing; if it was equal to zero, it meant that it had stabilized; and, if it was less than zero, it meant that it was declining (Krebs, 1986). For each site, species and population indicator (nests or hatchlings) analyzed, we estimated the values of the instantaneous growth rate (r), the carrying capacity (K) of the nesting site and the equation of the estimated logistic curve, as well as performing the AKAIKE adjustment for the model tested.

To validate the model, several simulations were performed with the estimated models, which generated annual data that were compared with the actual data obtained from the historical series (1974–2019) of production of the number of nests/egg-laying females and chelonian hatchlings produced in the areas under community management. The robustness of the models was also evaluated using data that were collected directly in the field by the authors (1999–2019).

To evaluate the efficiency of the existing chelonian protection systems in the Amazon, the nesting beaches were divided into three groups (areas in the Juruá River, areas in the Purus River and areas of the Pé-de-Pincha program, in the middle-lower Amazon river) and two treatments or protection systems (areas of exclusive management by the government and areas of community management). Each protected beach was considered an observation, and each year was considered a repetition. The variables analyzed were the instantaneous growth rate r and the carrying capacity K of the number of nests/egg-laying females and the total number of hatchlings released on each beach.

A two-way analysis of variance was applied with factor 1 being the river or physiographic zone and factor 2 being the system of management (Sokal and Rohlf, 1990; Ferreira, 1991) in order to compare the means of the rates of growth r and carrying capacity K in the production of the nest and hatchlings of the systems of conservation considered (government and community) for the three different species of turtles studied (P. expansa, P. unifilis, and P. sextuberculata), whereafter a post hoc Tukey test was applied (Sokal and Rohlf, 1990; Zar, 1999). Statistical analyses were performed using the MINITAB program.





RESULTS


Analysis of Historical Data Series on the Conservation of Turtles in the Amazon

A total of 2,318 records of annual production of chelonians, relating to 109 areas and 244 nesting beaches (207 in the Amazonas state and 37 in the northwest of Pará state) in 16 river channels of the western Amazon were analyzed in the survey of the historical data series (45 years of information). Of these areas, 52.9% are located in federal or state conservation units (CU), and 47.1% are outside of CUs. The Pé-de-pincha program was implemented in 76% of these areas (184 beaches), 56% of them were outside CUs (Figure 1).

Between 1974 and 2019, 230,444 Podocnemis expansa nests, 170,076 P. unifilis nests, 647,715 P. sextuberculata nests and 24,617 P. erythrocephala nests were protected, which produced 21,350,201 P. expansa hatchlings, 3,229,821 P. unifilis hatchlings, 6,410,092 P. sextuberculata hatchlings and 168,856 P. erythrocephala hatchlings (Supplementary Table 1 presents all the annual protection data of the chelonian nests and hatchlings from the 1974–2019 historical series; and Supplementary Table 2 shows a summary of the total number of nests, eggs and hatchlings protected, as well as the recorded number of defective hatchlings, stillbirths, unviable eggs, predated nests, nests damaged by rainfall or erosion and the seizures recorded in the Amazon state).

The increase in the number of protected Podocnemis expansa nests and hatchlings was related to the increase in number of protected areas (Figure 2 and Supplementary Figure B).
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FIGURE 2. Nests of Giant South American turtle (P. expansa) protected in the Amazonas state and the northwestern section of the Pará state, Brazil, between 1974 and 2019. Source: PQA/IBDF/IBAMA CPPQA and Pé-de-pincha program technical reports.


From analysis only of the beach protection permits, it observed that were sent to 57 chelonian nesting beaches (locally known as “tabuleiros”) mainly in the Purus (36), Juruá (6) and Solimões (14) Rivers. Most of the permits were granted to the beaches managed by rubber plantation owners or their surviving heirs, mainly in the Purus (101). Before 1967, when the wildlife trade in Brazil was banned, the owners of beaches had an interest in this type of permit (34.5/year). Some of these authorized beach owners sold chelonians and their eggs to cover the expenses and earn income. After the ban, this number fell to 6.8/year.

For P. expansa, more consolidated information was available than for the other species, since this species is the main target of conservation efforts of environmental agencies. Not all reports presented data on nests and hatchlings of P. unifilis and P. sextuberculata, however, the data on P. unifilis, when recorded, were based on the marking of nests and counting of hatchlings, whereas the data on P. sextuberculata were based, for the most part, only on estimating the number of nests and hatchlings (Figure 3 and Supplementary Figure C).
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FIGURE 3. Yellow-spotted river turtle (P. unifilis) and six-tubercled river turtle (P. sextuberculata) hatchlings protected between 1974 and 2019 in the Amazonas state and the northwestern section of the Pará state, Brazil. Source: PQA/IBDF/IBAMA CPPQA and Pé-de-pincha program technical reports.


Data on Podocnemis erythrocephala only began to be systematically recorded from 1995 in communities in the Negro River and by the Pé-de-pincha program in the Nhamundá, Jamari, Andirá, Uaicurapá, Mamuru, Marau, Matupiri Rivers and Juruti Lake, and by CPPQA, on the Uatumã River (Supplementary Figure D). These groups protected 1,116 ± 942 nests and produced 7,675 ± 8,648 hatchlings per year.

With regard to the rivers where the protected beaches were located, initially, efforts were concentrated on the Purus, Juruá and Solimões Rivers. From 1999 onward, with the increase in the areas of community management, there was a diversification in the environments where the turtles were protected, and the expansion in the number of rivers covered, these being the middle-low Amazonas, Andirá, Sapucuá-Trombetas, Nhamundá, Negro, Madeira, Uatumã, Marau and Tefé Rivers.

The Purus River was responsible for 62.8% of the nests and 56.8% of the hatchlings of P. expansa protected over the 45 years in the Amazon, followed by the Juruá River (34.6% of the nests and 41.3% of the hatchlings). Across all other rivers, the production of nests and hatchlings reached 2.7 and 1.9% of the total, respectively (Supplementary Figure E).

Podocnemis unifilis hatchling production was 40.2% on the Juruá River, followed by the Purus River with 14.4% and the community protection areas of the Pé-de-pincha program for the middle-low Amazon River (14.2%), Sapucuá/Trombetas Lake (14.2%) and Andirá River (9.0%) (Figure 4).
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FIGURE 4. Number of P. unifilis hatchlings protected between 1974 and 2019 for different rivers in the Amazonas state and the northwestern section of the Pará state, Brazil.


For Podocnemis sextuberculata, 64.5% of the hatchlings were recorded in the Juruá River, 30.5% in the Purus, 1.6% in the middle Amazonas River and the rest in the other areas. In the case of this species, due to the large number of nests in the Purus and Juruá rivers, only estimates were performed. Only in community-based protection areas with few nests was it possible to check all nests and hatchlings.

In the Amazonas state, the following types of protection for the chelonian nesting beaches were identified:


(1)Owner of the beach or rubber plantation owner: The owner of the beach or “beach captain” (as he was locally known) that protected the nesting area by marking the beach with flags and preventing other people from removing eggs and adults from the area, and who had official authorization to do so. This system accounted for 100% of the protected areas from 1964 to 1976, when the federal government began to protect and monitor these areas. It ended in 2005. This system did not involve public funding and the protection work was carried out at the expense of the owner of the area (private initiative), but labor was provided by the local residents. Therefore, this work can be considered as a mixed form of participatory resource management and a precursor of community-based protection. It corresponded to 4% of all the analyzed protected areas.

(2)Government: These areas were considered as nesting areas protected by the federal government, and these involved protection carried out only by employees of the federal environmental agencies or by persons hired by them, without the participation of communities, and using federal resources. This system was used in the areas of large production of turtles in the Amazonas state (Purus and Juruá Rivers). It has accounted for 9.6% of all protected areas in the last 45 years.

(3)Community-based: The community-based chelonian protection system involved the communities of each region in all phases, from the perception and decision to protect these animals, the organization and labor for the execution of protection services and monitoring of the beach, recording of data (nests and hatchlings) and the holding of release events. The resources for these actions were obtained from the communities themselves or from partner institutions that supported these initiatives. This system may also involve the participation of environmental agencies providing logistical support, but the actions of protection are eminently community-based, and it is considered participatory management. Between 1974 and 2019, this system corresponded to 80.7% of the total protected areas.

(4)Municipal Authorities: In some municipalities, due to the absence of environmental agencies, the municipal authorities assumed the role of conservation of local turtles. Usually, they defined a municipal reserve area and made resources (financial, human and logistical) available for the execution of the monitoring and control of the nesting areas, but without the participation of the communities at any stage. This protection system corresponded to 2.9% of all evaluated protected areas.

(5)Specialized Centre: One specific case of protection by a specialized center was recorded. The Center for Preservation and Research of Aquatic Chelonians (CPPQA) belongs to a state company (Eletronorte/Eletrobrás) and began its chelonian conservation actions of as a form of environmental compensation, and then expanded them to the communities of the Uatumã River. The CPPQA worked in 2.8% of the areas analyzed from 1994 to 2019.



If we analyzed the number of beaches protected by the different systems of conservation of chelonians in the Amazonas state in the last four decades (Figure 5), it can be observed that from the 1990s there was an expansion of community-based protection systems. Which, in addition to replacing the system of the owner or captain of the beach, allowed for the exponential increase of the chelonian protection areas.
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FIGURE 5. Number of chelonian nesting beaches protected by different management systems in the Amazonas state and the northwestern section of the Pará state, Brazil, between 1974 and 2019.


When analyzing the production of hatchlings in each protection system, it was found that although the beaches protected by the federal government correspond to only 10%, they account for the production of 13,732,700 hatchlings of P. expansa, or rather, 57.4% of the total protected turtles. The protected areas of the municipalities come in second place, with 23% of the total hatchlings produced. The community system accounted for 13.9% of protected turtle hatchlings (Figure 6). The increase in community-based protection of hatchlings of P. expansa between 1999 and 2019 was mainly due to the increase in the number of beaches involved in the Pé-de-pincha/UFAM program, which currently provides 93.9% of community protection of P. expansa.
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FIGURE 6. Participation of the different systems of protecting the production of chelonian hatchlings in the Amazonas state and the northwestern section of the Pará state, Brazil, between 1974 and 2019: (A) P. expansa; (B) P. unifilis.


When analyzing the production of Podocnemis uniflis hatchlings, it was found that the community conservation system is responsible for the protection of 2,112,070 hatchlings, or rather, 64.2% of the total production. Beaches protected by the federal government only come in second place with 19.4% of total production. Beach owners produced 6.3% and municipalities 7.6%.

The increase in the participation of the community-based conservation system from 1999 onward in the production of P. unifilis hatchlings, was mainly due to the increase in the areas of the Pé-de-pincha program, which has this species as its emblem. Initially, the program accounted for 15.9% of the community conservation of P. unifilis and, by 2019, it had reached 96.2% of the community production of hatchlings of this species.

For the production of hatchlings of P. sextuberculata, it was found that 44.6% of hatchlings were produced in areas of community management, 25% on beaches protected by federal environmental agencies, 20.1% by municipal authorities and 10.2% by beach owners (Supplementary Figure F). For P. erythrocephala, the first records of protection of the species only began in communities on the Negro River in 1995 and, from 1999, expanded to the Pé-de-pincha program areas. Of the hatchlings of P. erythrocephala protected, 58.8% were protected through the community conservation system, 40.3% by the government and 0.9% by the CPPQA. If we consider only the areas of community protection, the Pé-de-pincha program conserved 98.4% of the production of hatchlings of this species.

The different ways of managing the hatchlings of the protected nests was also evaluated (Figure 7). We categorized these according to the level of human intervention in the natural process of hatching and birth of offspring. Several levels of intervention were found then, the management of hatchlings was classified into three levels of intervention:
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FIGURE 7. Number of protected beaches with different types of hatchling management: natural release; transport of hatchlings to lakes protected; and maintenance in nurseries or headstarting, for the period from 1976 to 2019, in the Amazonas state and the northwestern section of the Pará state, Brazil.



(1)Natural: We considered natural management of hatchlings to be when there was only the counting of nests, and the hatchlings emerged from the nests and proceeded to the river without human intervention. Or in places where it was impossible count the nests and only the hatchlings were counted. We also included places where the nests were opened manually and the hatchlings counted and released immediately on the shores of the beach.

(2)Transport of hatchlings to lakes protected from natural predators: This system was widely used by beach owners, and was performed in almost 100% of the areas until 1976. It consisted of the manual removal of the hatchlings (especially P. expansa) from the marked nests. They were then transported to lakes, away from the beach and away from the main aquatic predators of the hatchlings (fish and caimans). These lakes usually had enough aquatic macrophytes in which the hatchlings could shelter, as well as being places where adult turtles would go during the flood season of the river.

(3)Maintenance in nurseries or headstarting: this classification comprises the places that maintained the hatchlings in captivity for different periods before release (from 7 to 90 days providing supplementary feeding) and using different types of nursery tanks (fenced natural lakes, wooden cages, net-tanks, water tanks, etc.).



Of the P. expansa hatchlings protected, 51.4% were released immediately; 24.1% were transported to protected lakes and 24.4% were kept in a nursery for a period before being released. Among the protected P. unifilis hatchlings, 28.1% were released naturally, 10.9% were transported to lakes and 61% were kept in nurseries before release. In the case of P. sextuberculata hatchlings, 39.5% naturally emerged from their nests, 37.5% were transported to the lakes and 23.1% were kept in a nursery before being released. For hatchlings of P. erythrocephala, 36.4% were released naturally and 63.6% were kept in a nursery.

It was estimated that, in the 45 years analyzed, US$2,340,410 were directly invested in the protection of turtles in the Amazonas state and northwest of Pará state by IBAMA and the Pé-de-pincha program (equivalent to US$8,000 to US$52,000/year). The Pé-de-pincha program accounted for 87% of these expenditures between 2010 and 2015. The average cost per protected hatchling was estimated at US$ 0.25 ± 0.2. In government protected areas, the average cost was US$0.13 ± 0.12 per hatchling, and in community-based conservation areas, this cost was US$0.33 ± 0.19 per hatchling. Even though community-based protection was almost all voluntary, the costs per hatchling were slightly higher due to the need for training and the meeting of some socio-economic demands of the communities, such as donations of basic food supplies.



Turtle Population Growth Models in the Amazon

The initial analysis of the data was performed by constructing column graphs of the time series and evaluating the trend lines of the graphs for each species and beach analyzed (Figure 8). Only sites with a historical series of more than 10 years of data were analyzed.
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FIGURE 8. Time series of the production of P. expansa nests and hatchlings at nesting sites of the Juruá and Purus Rivers: (A) Nests—Walter Bury; (B) Hatchlings—Jamanduá; (C) Nests—Joanico; (D) Hatchlings—Manariã.


It was analyzed the time series of the annual production of nests and hatchlings of P. unifilis and P. sextuberculata in different nesting sites (Figures 9A–F).
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FIGURE 9. Time series for the production of P. unifilis and P. sextuberculata nests and hatchlings at different nesting sites: P. unifilis: (A) Nests in the Joanico, Juruá River; (B) Hatchlings in the Andirá River; (C) Hatchlings in the Piraruacá Lake; (D) Hatchlings in the Sapucuá Lake; P. sextuberculata: (E) Hatchlings in the Botafogo, Juruá River; (F) Hatchlings in the Andirá River.


After the analysis of the time series of the production of nests and hatchlings of the Podocnemis species studied for each beach, only those with R2 above 50% were selected to fit the logistic model. A total of 28 areas of the Juruá, Purus, middle-lower Amazon, Andirá, Nhamundá, Sapucuá/Trombetas and Negro Rivers were selected.

For each selected area, attempts were made to adjust the logistic growth to the curve model. For each area or nesting site analyzed, a curve relative to each species was generated (Figures 10A–D).
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FIGURE 10. Logistic growth curves of the number of nests and hatchlings (A) nests of P. expansa, Abufari, Purus River; (B) hatchlings of P. unifilis, Andirá River; (C) nests of P. sextuberculata, Piraruacá Lake, middle Amazon; (D) hatchlings of P. erythrocephala, Andirá River.


In total, 160 logistic growth curves for number of nests/reproductive females and hatchlings were estimated and adjusted for the 28 breeding areas analyzed; 48 for P. expansa, 50 for P. unifilis, 50 for P. sextuberculata and 12 for P. erythrocephala.

There was a significant difference (F = 6.35, gl = 22, p = 0.02) between the growth rate r of the number of hatchlings of P. expansa from government protected areas (r = 0.172 ± 0.055) and those from communities (r = 0.085 ± 0.197), and also between the growth rate r of the number of nests/reproductive females (F = 4.97, gl = 22, p = 0.038)—Table 1. There was also a significant difference (F = 30.49, gl = 22, P < 0.0001) between the carrying capacity of the growth curves of the number of P. expansa nests and hatchlings in government protected areas (Knests = 1,910.7 ± 1,035 nests; Khatchlings = 211,513 ± 93,031 offspring), which was higher than those protected by the communities (Knests = 268.3 ± 303.5 nests; Khatchlings = 29,789 ± 35,716 hatchlings).


TABLE 1. Summary of the ANOVA of instantaneous growth rates r and carrying capacity K for number of nests/reproductive females and hatchlings of Podocnemis expansa.
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The first two regions (Purus and Juruá) were older areas of protection of chelonians (30–45 years), which still had large populations of P. expansa, P. unifilis and P. sextuberculata. The last region covered the areas of action of the Pé-de-pincha community management program of chelonians, in the physiographic zone of the middle-lower Amazon, with an accumulated 20 years of protection.

It was found that the effect of rivers/areas was actually affecting the initial analysis. There is a significant difference between growth rates r in the number of hatchlings of P. expansa for river/nesting areas (F = 9.41, gl = 22, P = 0.001).

It was observed that, although there was a significant effect (P < 0.04 and P < 0.02) by the ANOVA, there is no significant difference between the means of nesting areas protected by the government and the communities for the instantaneous growth rate r of the number of nests and hatchlings of P. expansa when verified by the Tukey test (P < 0.05).

There was a significant difference (P < 0.001) between the rivers/protection areas for the r rate of the number of hatchlings of P. expansa. The rates (r) of the P. expansa hatchlings of the middle-lower Amazon/Pé-de-pincha project were higher (r = 0.319 ± 0.089) than those of the Purus River (r = 0.008 ± 0.154) and did not differ statistically from those of the Juruá River (r = 0.08 ± 0.153) when verified by the Tukey test (P < 0.05).

When the analysis on the K carrying capacity of P. expansa nests and hatchlings was performed, it was observed that there was no difference between the different areas. There was only a difference between the support capacity of the beaches administered by the government, with much higher averages (Tukey, P < 0.0001) of nests (1,910 ± 1,035) and hatchlings (211,513 ± 93,031) than the beaches of the communities. This is related to the fact that the federal government has chosen the areas with the largest populations and prioritized the protection of P. expansa, in addition to having greater power of supervision and control than the community has to protect these large stocks of P. expansa from being targeted by the traffickers of turtles.

For P. unifilis, there was no significant difference in the carrying capacity (K) of nests and hatchlings in the reproductive sites analyzed, neither by the different protection systems (F = 3.18, gl = 25, p = 0.089), nor between different areas (F = 1.12, gl = 25, p = 0.344)—Table 2. We found that the stocks of reproductive females nesting in sites protected by communities are similar to the average amount managed by government agencies. Acting in a greater number and diversity of areas (80.7%), the community system of protection of chelonians is responsible for most of the production of hatchlings of P. unifilis (64.2%), unlike P. expansa, where most of the production is in areas protected by the government.


TABLE 2. Summary of ANOVA of instantaneous growth rates r and carrying capacity K for number of nests/reproductive females and hatchling of Podocnemis unifilis.
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Significant differences for the rates of growth (r) of the number of nests and hatchlings (F = 11.52, gl = 25, P < 0.0001) were found between the rivers/areas evaluated. The areas of the middle-low Amazon where the Pé-de-pincha project operates showed growth rates of P. unifilis nests that were higher (0.33 ± 0.19) than the areas of the Juruá (−0.004 ± 0.12) and Purus (−0.044 ± 0.144) Rivers.

The negative r values found for most beaches of the Juruá and Purus Rivers (above 60%) could simply mean that the data for this species were underestimated by the lower number of records by beach monitors who would be favoring records of nests of P. expansa. However, when analyzing the historical production series of these areas, it was also found that, as the number of P. expansa females nesting on a beach increased, the number of nests of P. unifilis decreased in that area (Figure 11).
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FIGURE 11. Comparison between the trend lines of the production of nests of P. expansa and P. unifilis: (A) Manariã beach, middle Juruá; (B) Joanico beach, lower Juruá.


Some of these beaches have been systematically monitored by the authors for more than 20 years, ensuring the authenticity and the same effort to record data for both P. unifilis and P. expansa, and, as such, this negates the possibility of underreporting of data for P. unifilis. This phenomenon had already been reported by the beach monitors of the Juruá and Purus Rivers, and was confirmed with the field data.

In the nesting areas analyzed, the number of P. expansa females laying eggs exceeds that of P. uniflis by around 13.7 ± 5.2 years of beach protection.

For P. sextuberculata, no significant differences were found between growth rates (r) of the number of hatchlings (F = 2.43, gl = 27, p = 0.132)—Table 3. However, there was an effect (F = 10.9, gl = 27, P = 0.004) of the protection system on the growth rate (r) of the P. sextuberculata nests, which was higher in the areas protected by the government (r = 0.219 ± 0.228). There was also an effect (F = 4.09, gl = 27, P < 0.03) of the protection system observed on the carrying capacity (K) of production of hatchlings, which was higher in the areas protected by the government (K = 81,160 ± 34,924 hatchlings), although there was no difference in the capacity of nests between beaches protected by the government and the communities.


TABLE 3. Summary of the ANOVA of instantaneous growth rates (r) and carrying capacity (K) for number of nests/reproductive females and hatchlings of Podocnemis sextuberculata.
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For carrying capacity (K) of nests and hatchlings of P. sextuberculata, there were differences between the rivers/areas analyzed (P < 0.04 and P < 0.01, respectively), and the beaches of the Purus and Juruá Rivers presented higher production of hatchlings and a greater number of nests than the areas of the middle Amazon River. In addition to the Purus and Juruá Rivers being white water rivers and, therefore, having greater distribution and abundance of this species, there seems to be a positive association between the increase in populations of P. sextuberculata and P. expansa, which is contrary to what occurs with P. unifilis. The competition for space on the beach for egg-laying seems to be eased by the difference in nesting periods, as P. sextuberculata usually reach their peak egg-laying before the P. expansa.

It was observed that in the Juruá River, even with its greater support capacity for P. sextuberculata nests, the populations presented negative instantaneous growth rates (r) for the nests and very low rates for the hatchlings, which may indicate the reduction of these stocks.

This could be just an underestimation of the data due to the lack of records of the number of nests and hatchlings of P. sextuberculata on each beach. In fact, due to the huge amount of simultaneous egg-laying of P. sextuberculata (sometimes more than 1,000 nests per night), this would require great effort to count the nests. In addition, the communities that monitor the beaches of the middle Juruá River have stopped estimating the production of nests and hatchlings since 2007, when the PROBUC protocol was implemented in the state conservation units, which prioritized only the registration of data for P. expansa and P. unifilis.

However, it should be noted that this specie was the most caught for consumption and sale (377 nests and 32,756 animals) according to the seizure data and consumption data collected by PROBUC and Andrade (2008, 2017), and it is possible that these negative rates actually indicate the reduction in stocks of P. sextuberculata in the Juruá River.

It was not possible to perform the same ANOVA for P. erythrocephala because curves were estimated for only 12 sites, that form of community protection systems. This species showed growth rates (r) for number of nests and hatchlings (r = 0.42 ± 0.3) that were higher than those for the other species analyzed.

To estimate a model of the general logistic curve for each species according to the protection system, 72 growth curves of nests/reproductive females on the beaches were selected, and the curves with growth rate (r) with negative values were eliminated. Simulations were performed with the selected curves up to 50 years of conservation, and the generated values were used to estimate a general growth curve of the number of nests/reproductive females of each species as a result of the protection system (Figure 12).
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FIGURE 12. Logistic growth curves of the number of nests/reproductive females in the Amazonas state and the northwestern section of the Pará state, Brazil: (A) P. expansa; (B) P. unifilis; (C) P. sextuberculata.


After estimating the logistic growth model curves by species and by protection system, the proposed models were validated by comparing the estimated values to the real values using the Spearman correlation, and for most of the curves, the correlation was significant.




DISCUSSION


Analysis of the Historical Data Series for Conservation of Chelonians in the Amazon

The analysis of the historical data series of chelonian protection in the Amazonas showed that an increase in the number of protected areas directly provided an increase in the number of protected nests and hatchlings. However, when comparing the 230,444 nests and 21,350,201 hatchlings of P. expansa protected for 45 years (5,121 ± 4,417 nests/year and 474,449 ± 411,488 hatchlings/year) with the estimates of 400–500,000 turtles females laying eggs in the Solimões and Madeira Rivers in the nineteenth century (Bates 1863 apud Smith, 1974 and 1979), it was noticed that these populations of P. expansa perhaps represent less than 1–2% of the original population in the Amazonas state.

However, it should be considered that in the surveys done in the 1970s by the IBDF in the 26 main beaches of the Solimões, Uatumã, Purus and Juruá Rivers, only between 1,750–2,767 egg-laying P. expansa females were recorded (Alfinito, 1978; Corrêa, 1978). In the first 10 years of protection, total production was estimated at 9,323 turtles nests in just two areas (Abufari and Walter Bury) in the Amazonas state (average 1,767 nests/year) (IBAMA, 1989). Cantarelli (2006) and Cantarelli et al. (2014) estimated that from 1975 to 2004, 6,163,521 hatchlings of P. expansa (2,732 nests/year) were protected on 12 beaches of the Purus and Juruá Rivers in the Amazonas state, with an increase of 25% per year, and the cost of protection per hatchlings was estimated at US$0.09.

In this study, when analyzing only the last 10 years (2009–2019), the average number of egg-laying P. expansa females in protected areas in the Amazonas state increased to 11,681 ± 3,321 animals/year, which represented an increase of 636% in 45 years (14% per year), with a cost of US$0.1 to 0.5 per protected hatchling.

Cantarelli et al. (2014) estimated that there were 30,000 P. expansa egg-laying females in the Brazilian Amazon. Forero-Medina et al. (2019) estimated that there are 147,000 P. expansa females in six Amazonian countries (Brazil, Colombia, Bolivia, Peru, Venezuela and Ecuador) of which 109,473 females were in Brazil alone in 2014. In this study, the estimated number of protected P. expansa females in the Amazonas state would represent only 10.6–16.4% of the total estimated turtle females for the whole of the Amazon. According to IBAMA (2019a) and Fagundes et al. (2021), only between 9.4 and 10.7% of priority areas for conservation of this species receive protection in the Amazonas state.

For P. unifilis, the analysis of the historical series (1974–2019) showed a production of 170,076 nests and 3,229,821 hatchlings (mean of 3,779 nests/year and 71,774 hatchlings/year) and, for P. sextuberculata, a production of 647,715 nests and 6,410,092 hatchlings (mean of 14,394 nests/year and 142,446 hatchlings/year) was observed. Cantarelli (2006) reported that 9,240,264 P. unifilis and P. sextuberculata hatchlings (318,629 hatchlings of the two species/year) were protected by the PQA (1975–2004).

With regards to the production of P. expansa hatchlings, it was found that the federal environmental agencies prioritized the protection of the most productive areas of turtles, while the communities usually conserved areas with smaller populations of turtles (a result of intense human predation) or in environments where there is a greater occurrence of P. unifilis, thus prioritizing this second species.

It was also found that, for the smaller species of Podocnemididae (P. unifilis, P. sextuberculata and P. erytrocephala), the community conservation system managed to cover a larger number of areas and that produced larger quantities of hatchlings for the restocking of the areas, while for P. expansa, the protection system of the federal environmental agencies managed to protect larger quantities of nests and hatchlings, in a few high production nesting areas.

The community conservation of chelonians began to gain strength between 1990 and 1999, by which time it protected 58.2% of the areas, and expanded to 80.6% of the areas between 2000–2009, until it became responsible for the protection of 88–94% of the chelonian breeding areas in the Amazonas state between 2010 and 2019. The conservation actions have been developed by the Amazonian riverine populations, including the adoption of conservation management systems of turtles with the management of resources guided by various forms of social organization, in which local residents and all stakeholders are key (Pinto and Pereira, 2004; Lima et al., 2017).

The mobilization and organization of communities to protect the fishery resources in the lowlands of Solimões/Amazon Rivers eventually influenced the emergence of community initiatives for conservation of chelonians, as was the case of the Pé-de-pincha Program in the middle Amazon River (Batista et al., 2004; Pinto and Pereira, 2004; Andrade, 2015) and community management areas in Santarém (Miorando et al., 2013).

The Pé-de-pincha Program is one of the largest community management and volunteer programs in the world. The name originates from the footprints that yellow-spotted river turtles leave on the beach, which are similar to bottle cap imprints (that the riverine community call “pincha”). Thus, an extension program and community management of chelonians was born in which the community members are trained and work voluntarily to protect nests and take care of the hatchlings until they return to their natural habitat (Andrade, 2012, 2015, 2017; Lima et al., 2017). The Pé-de-pincha Program has been implemented in 123 communities in 18 municipalities of the Amazonas and west Pará states, helping to protect 184 nesting sites (56% outside of conservation units) in an area equivalent to 2.7% of the Amazon (Andrade, 2017).

In order to stimulate and maintain the mobilized communities, in addition to protecting the turtles, the Pé-de-pincha Program has been active in training volunteers and seeking sustainable economic alternatives. It has trained 219 volunteer environmental agents and 148 environmental managers in techniques related to conservation of chelonians and raised awareness with lectures to over 86,507 participants, and trained 1,350 teachers of rural schools in environmental education (Andrade, 2017). To encourage income generation, it has held courses in fish technology, poultry breeding, medicinal plants, community gardens and breeding of turtles for 5,798 participants. The total number of people involved were 28,379 (directly) and 314,845 (indirectly) and, as such, it is one of the largest volunteer programs in the country (Andrade, 2017).

In the various conservation units (extractive reserves and sustainable development reserves) of the Juruá and Purus River, there are also community management systems that have helped protect more than 30 nesting areas of turtles, during more than 40 years of conservation work. Unlike the areas of the Pé-de-pincha Program, these are areas that still have large stocks of P. expansa, P. unifilis and P. sextuberculata (Andrade, 2008, 2015; Fonseca et al., 2011; Campos-Silva et al., 2018).

However, there are other areas in which there has been work on community management of turtles such as in the Sustainable Development Reserve (RDS) of Mamirauá (Oliveira, 2006); the RDS Uatumã, RDS Piagaçú-Purus (Waldez et al., 2013), in Juruti and in Aritapera/Santarém in the lower Amazon (Miorando et al., 2013). This has also occurred in the states of Amapá, Rondônia and Acre (Silva et al., 2019), as well as in other Latin American countries such as Venezuela (Hernández et al., 2010); Colombia (TCA, 1997); Peru (Soini, 1999; Harju et al., 2017); and Ecuador (Towsend, 2008).

In 1996, thanks to this conservation work by the federal government, together with numerous community protection initiatives, P. expansa was removed from the list of endangered animals in Brazil (Cantarelli et al., 2014; Forero-Medina et al., 2019). But, since 2003, the federal government has been reducing the volume of resources devoted to the protection of this specie in the region, which has caused a reduction of between 15.5 and 46.8% in the production of hatchlings on some beaches protected only by the environmental agency without community support (Andrade, 2008).

In the state of Amazonas, which covers 28.4% of the Amazon, by 2015, 212 chelonian breeding areas in 15 rivers had received some protection, mainly for nests and hatchlings, with an average production of 1,077,768 ± 115,466 hatchlings/year: 35.3 ± 26.1% of P. expansa; 19.3 ± 25.4% of P. unifilis and 40.9 ± 32.6% of P. sextuberculata (Andrade, 2017). Most of these areas were protected through the work of local communities interested in the maintenance of this natural resource, and these areas increased from 69 (58.2%) in 2001 to 193 (93.4%).

Andrade et al. (2004) analyzed the effective costs for the production of hatchlings protected with community-based management in the middle Amazon, and estimated an average value of US$0.6–0.8/hatchling and a profitability of 120.1%, when considering the estimate of the value of environmental services provided by the communities. Campos-Silva et al. (2018) estimated that the value for maintaining all areas of community-based management of chelonians would be around US$833,000 annually for the Brazilian Amazon.

Miorando et al. (2013) evaluated the effects of community management on the protection of P. sextuberculata in the lowlands of the Amazon, and noted that areas with community-based management have a higher number of catches of animals per units of effort, which shows the importance of this protection system.

Initiatives involving local communities and institutions carried out in the Amazon have resulted in increased protection of nesting habitats and recovery of Podocnemididae populations (Cantarelli et al., 2014; Andrade, 2017; Lima et al., 2017; Campos-Silva et al., 2018; Forero-Medina et al., 2019). Participatory community monitoring programs (PCM) have become an important methodological innovation for the management of biodiversity conservation in protected areas (Costa et al., 2018).

The idea of decentralization in the management of natural resources and the involvement of local populations has gained a lot of credit in the formulation of public policies and regional development projects, and, as such, avoids the classic options of privatization of resources or exclusive control by the State (IPEA, 2010). These changes have been occurring worldwide and have a strong emphasis on communities and local impacts of policies based on community management (Campos-Silva et al., 2020). Conservation actions and sustainable management of natural resources require initiatives also integrated by participatory monitoring and management, in which the information collected by resource users helps guide local decision makers on conservation management (Kennet et al., 2015). However, it is necessary to fully integrate the diverse interactions between individuals, communities and institutions and the complex Amazon ecosystem in this type of long-term environmental monitoring (Oliveira Júnior et al., 2020).

The chelonian conservation programs, carried out for a long time through the government environmental agencies (IBAMA, ICMBio) or through community management (Pé-de-pincha Program), have shown that by maintaining the protection effort, there is a tendency to increase the number of females laying eggs and hatchlings being produced on each beach (Andrade, 2015; IBAMA, 2016; Campos-Silva et al., 2018). With the regional strengthening of protected areas and community-based management, it is possible to anticipate a recovery scenario of freshwater turtle stocks in the Amazon in the coming decades (Norris et al., 2019).

In 2017, the Amazonas state officially recognized the efforts of the communities by creating 265 chelonian protection areas and regulating a community system of chelonian breeding, and allowing the communities to carry out breeding and fattening of a portion of the hatchlings of P. expansa (10%) and P. unifilis (20%) that they protect (CEMAAM resolutions N°25 and 26/17-DOE, DOE, 2017). This possibility of ex situ management of turtles to rear them in semi-natural conditions to be commercialized seems to be a solution to generate income and cover part of the expenses for the protection of the species (Campos-Silva et al., 2018).

The Amazonas state has the largest number of registered chelonian breeders in Brazil (27), with more than 150 thousand animals in captivity (P. expansa and P. unifilis) and an annual supply of 2,623 ± 561 animals/year (15 tons/year) (Andrade, 2008; Garcez, 2009; IBAMA, 2019b). This seems to be promising, not only from an economic point of view, but also for its relevance in food security and culture of the peoples of the region (Dantas-Filho et al., 2020).



Turtle Population Growth Models in the Amazon

The tabulation of the historical series of data of protection of Podocnemis species permitted us to analyze the variation in the number of females nesting on each beach and the number of hatchlings produced over the years. Although the number of nests do not necessarily indicate the number of reproductive females on the beach (especially in the case of species with multiple layings, such as P. unifilis and P. sextuberculata), and also do not constitute the total number of individuals in a population, as males and females that did not reproduce, young and hatchlings were not counted, it was considered that their variation over time could be the only consistent indicator of population variation in those protected breeding sites. The same can be considered with regard to the number of hatchlings produced, which is directly related to the number of nests, and which allows us to estimate the rate of hatching or reproductive success of each species on each beach, over the years.

It should be taken into account that, in very few (9.8%) of the sites analyzed were larger and long-term surveys carried out with animal capture, marking and biometrics, which would have allowed the recording of basic information about the population structure (sex ratio, size classes, abundance).

Considering that for Podocnemis expansa there are few studies aimed at estimating population growth models (Corrêa, 1978; Diniz and Santos, 1997; Norris et al., 2019; Rachmansah et al., 2020), it is understood that it would be more robust to use the real data of variation of nests/reproductive females and hatchlings as indicators of population variation.

Thus, we chose to use a simpler model of population growth to verify that the data of nests and hatchlings fit the models of growth curve tested [logistic, as suggested by Hailey and Lambert (2002)]. A model of continuous growth was used rather than a discrete model and with delay in density-dependent response, because when the intrinsic growth rates (r) are less than 1.0 (as shown to be the case of the analyzed species), the behavior for the discrete model is similar to the continuous one (Gotelli, 2007).

In this study, it was possible to use the regression coefficients of the non-linear curve model (r and K) as explanatory variables of the temporal trend of each nesting site and compare them with the coefficients of equations of other areas.

The growth rate of the number of nests/reproductive females per unit of time (rt) is specific for each species, as well as for the nesting site analyzed, and for a given period of time of protection of the area. Therefore, it made no sense to obtain the mean values of r for each protection system used.

The same reasoning applies to the carrying capacity (K) of each nesting beach in relation to the number of nesting females. The competition for space for the nests in the sand of the beach can reach such a level that there will be overlapping of nests and the females will end up digging up and removing the eggs of the others. In addition, some females would end up looking for other places to nest. In other words, each breeding site has a support capacity (K) for nests and hatchlings produced that is limited, mainly, by the space factor. This constant is also specific for each species and laying site and, therefore, it would not make sense to use the average value of K to generate a unique model for the population growth curve.

However, the population parameters r and K are values that have units that allow comparison between one conservation area and another. Units of r signify individual by individual and unit of time (Gotelli, 2007). Thus, it was possible to compare the instantaneous growth rates between the different protection systems used over time in the breeding areas of chelonians in the Amazonas state.

Bence (1995) suggested the use of long time series to estimate prediction equations, from which the estimates of the mean, the regression intercept would be more reliable, as well as for when the explanatory variable had a temporal tendency. Barry (1995) reported that several studies consider the non-parametric estimation S functions of time variation through non-linear models as the most appropriate method for estimating growth curves.

We have followed all of the steps set out by Pereira and Arruda (1987) in order to carry out the practical adjustment of a time series of data to the various models of the growth curve: (a) first, we assessed the correlation and regression analysis between the data of the production of the population (number of nests, number of hatchlings) and years; (b) then we estimated regressions that best fitted the relationship between the variables; c) when the regressions were significant, the simulations were done in fit of the curve non-linear models (Logistic and Gompertz); d) and, finally, when the best models were identified, these were validated by comparison with the real distributions obtained from the data for each beach.

Podocnemis expansa lay eggs in synchrony with the flow of the Amazonian rivers (Alho and Pádua, 1982), and offspring births occur in the months from October to December. This would characterize, according to Gotelli (2007), a discrete population growth model that, moreover, would be subject to environmental stochasticity (variability associated with good and bad years of production of hatchlings, as for example, with the loss of nests in large floods) and with delays in time (turtles take a long time to become reproductively active). However, according to this same author, if the growth rate (r) is small (r < 2.0) the behavior of the discrete equation is similar to the continuous curve.

For growth models with delay, May (1976) defined that the response time of the population is inversely proportional to the growth rate (r) (t = 1/r), and therefore, slow-growing populations have long response time, but if this delay quotient (r.t) is also small (0 < rt < 0.368), the population will also grow smoothly until the support capacity is reached.

In the estimates of the r values for the logistic growth curves of nests and hatchlings analyzed in this study, the values were always below 1.0, and behaved as a continuous model with a low delay quotient, which may be explained by the fact that, although there is a very large initial pulse of births, compensatorily, there is also a large pulse of mortality in the initial phase of life of these turtles.

For P. expansa, the lower and often negative r rates of the Purus River nesting areas seem to be linked to the following two factors: (1) the vast majority of community nesting areas were initially managed in the system of beach owners, suffered exploitation of their resources and were subsequently abandoned and looted, which caused the drastic reduction in the number of nesting matrices when compared to the initial stocks. (2) The second factor may be that the population is close to reaching the carrying capacity of the beach.

In the middle Purus, only the nesting areas of P. expansa under government protection had positive r rates, even so, with low values, as in the case of Abufari, the largest nesting areas of P. expansa in the Amazonas state, which presented r rates equal to 0.134 for hatchlings and 0.117 for nests, which could indicate a dampening of the population growth rate due to the number of egg-laying females being close to the support capacity of the beach.

Apparently, the same situation did not occur in the Juruá River, especially in the middle Juruá, where the process of community organization seems to have been stronger. The communities of rubber tappers have replaced the old beach owners in the defense and protection of the nesting areas. In addition, the environmental groups joined forces with the rubber tappers, and together they sought to create extractivist reserves that eventually further protected P. expansa nesting areas of the Juruá River.

On the other hand, it was found that in the areas of the middle Amazon/Pé-de-pincha, the r rates were higher, which can be explained by the fact that in these areas the populations of P. expansa were drastically reduced, and therefore there is a significant amount of environmental resources available for just a few animals. In this region, the population growth curve would still be at the beginning, thus, with a much higher initial growth rate. This can be seen as a good indicator of the potential for recovery of chelonian populations through community work.

For P. unifilis, the negative or low instantaneous growth rates (r) on the protected beaches of the Purus and Juruá rivers could be related to underreporting of data. But, the most likely hypothesis that the increase in recruitment of females of P. expansa that reach reproductive age increases the competition with females of P. unifilis for space on the river banks and on the beach sand. Because they are smaller than the P. expansa, females of P. unifilis are probably forced to look for other spaces on the beach closer to vegetation or at the ends of the beach, or even migrate to other areas, such as ravines or other beaches. Since these other sites are not monitored, the records only show the main beaches and these end up indicating a reduction in the number of female P. unifilis nesting on that beach.

Another assumption would be that the actual reduction of female of P. unifilis on the Purus and Juruá beaches is a result of the capture of adults and the harvest of eggs for consumption and illegal sale. The analysis of data regarding predation of nests (558) of P. unifilis, specifically in the protected beach areas, revealed that this was in fact greater than that of the predation of nests (300) of P. expansa. But, the seizures of P. expansa (20,915) was greater than that of the P. unifilis (14,505).

The higher rates of growth r recorded in the areas of community management under the Pé-de-pincha Program are probably due to the fact that this program has prioritized P. unifilis as a key species (rather than P. expansa), and protects some areas where only P. unifilis occur.

Another aspect is the fact that these areas are also depredated areas, with reduced stocks of the species, which means that in these places the population growth curve of P. unifilis is still in its initial phase, for which the intrinsic growth rates r are usually higher.

In small chelonian populations, such as those in the middle Amazon, the Allee effect is believed to occur, with growth rates being reinforced by the increase in population size, probably due to the greater reproductive efficiency of the chelonian groups (Gotelli, 2007; Silva et al., 2009; Silva, 2020).

According to Crouse (1999), population models for chelonians should provide a tool to predict the likely response of a population over time and, above all, allow us to identify data gaps, which is the predictive capacity of the model.

We started with long time series (15–45 years) for the production of nests and hatchlings. Instead of using rates or estimated predictive values, we used real data regarding what occurred over time with the population of females nesting at each site. The proposed models are a simple tool, based on analyses of trends in the production of nests and hatchlings, but that do not lose their predictive character as a population model. This tool can be enriched by incorporating information on population structure and dynamics from long-term studies that are already being conducted with P. expansa, P. unifilis and P. sextuberculata in the Juruá, middle Amazon and Andirá Rivers (Andrade, 2012, 2015).

Models in matrices can be used in ecological models, but they represent a device where the reality of it is partly sacrificed for the benefit of using the special properties of the matrix in the formulation of the model. However, it should be considered that modeling and simulation basically demand five key elements that are actual data in the field, a systematic framework for observation and recording of data (the time series of the variables), a proposed basic model, a derived aggregate model, and simulations (Santos, 1986), all of these prerequisites were used in our study.

Ehrhart et al. (2014) performed a trend analysis of time series of nesting data and reproductive success of Caretta caretta in which they used simple methods of evaluation through descriptive statistics of the data (graphics of the number of nests produced annually and tables with the annual data of nests, hatchlings and hatching rates), as was done in this study with the production data for Podocnemis species.

Diniz and Santos (1997) were the first to propose a qualitative study of the population growth of Podocnemis expansa by using a mathematical model that employed the Leslie matrix, with some data from biotic parameters. However, based on the value obtained from the Kojima quota for the biotic parameters (β ≤ 0.745296820391 < 1), he predicted that the populations of Podocnemis expansa would be extinct in Brazil, unless it was possible to increase the survival rate of offspring to 20% in the first year of life. Before him, Corrêa (1978) had already tried to propose a projection model for the offspring of a female of P. expansa for 30 years (evolution of the herd until the 4th generation). For this, he considered the average of 100 eggs/nest, sexual maturity of the mother at 8 years of age, useful life of 30 years, probability of the sexual ratio of the offspring of 50% males and 50% females.

It should be considered, however, that the models of Corrêa (1978) and Diniz and Santos (1997) are only models of reproduction projection, based mainly on the mean values of reproductive indices, such as number of eggs/nest and hatch rate of offspring, which when inserted deterministically in a matrix model estimate simulated values not based on comparisons with the actual data of field the over time.

The protection of eggs and nests alone was not enough to replenish depleted stocks of sea turtles. The models showed that small reductions in annual survival of juveniles and adults can have a profound effect on population dynamics by reducing population growth. Thus, the most complete models built for the sea turtle population, as well as models for the other species of turtles, point to the need to maintain high annual survival of all phases of life in order to recover declining populations (Crouse, 1999).

Norris et al. (2019) used a population projection model of the Lefkovitch matrix based on stages (eggs, hatchlings, juveniles and adults) to evaluate P. unifilis management scenarios, and estimated that large areas could be recovered if headstarting of hatchlings is practiced more widely.

Rachmansah et al. (2021) analyzed the biological viability of sustainable management in species of tropical turtles using life history data (number of eggs, age to sexual maturity, annual survival), latitude and climatic variables that were examined using generalized additive models (GAMs) and also the Lefkovich matrix population model structured in stages. Based on the tested modeling, these authors concluded that harvesting of adult tropical turtles would not be viable, but that sustainable egg harvesting would be.

A simpler population trend analysis protocol, such as the model proposed in this study, can help environmental managers and community leaders to better understand the dynamics and efficiency of their protective actions, and assist in decision-making.



Future Perspectives and Recommendations

Environmental agencies are giving more and more space to community-based management, investing in the implementation of participatory monitoring programs for natural resources. It is necessary that environmental managers work to have greater community involvement in turtle conservation programs, no matter how long this process may be.

Training in management and environmental awareness is gradually changing communities’ perception of turtles. These changes in perception will not necessarily bring about changes in the use of these animals for subsistence consumption, but they will certainly influence the creation of rules and agreements for use.

With the advancement of technology, new ways for community members to collect data from nests and hatchlings of turtles on protected beaches should be adopted. To replace the old field sheets, applications on cell phones for recording monitoring data and sending them online to the database systems of environmental agencies have already begun to be tested. Also, the use of drones to estimate female turtles and their nests on a beach.

At the same time, new protocols for the monitoring of turtle populations, with the capture and recording of information about adult animals (and not just the nests and hatchlings), as well as the recording of data on the consumption of these species began to be implemented in protected areas in the Amazon. In addition, it is necessary that new applied ecology researches are carried out to obtain information about the structure and population dynamics of Podocnemidids in the different rivers of the region. This will help to build more robust population models that will help to simulate different scenarios for the conservation of these animals.

In areas with reduced turtle populations and where communities have an interest in trying to recover stocks, we suggest that other conservation tools can be adopted to ensure nest protection and improvement in hatching and hatch survival rates. Simple strategies historically used by beach monitors, such as the transfer of nests from threatened areas (by flooding or predation) to areas protected by the community, or the use of headstarting, to protect the hatchlings more by releasing them in protected natural lakes or keeping them in nurseries before release. Preferably, such strategies should be accompanied by research and used only until the population recovers.

Another important issue is that as local turtle stocks have increased, there has been, as a consequence, increased pressure from groups outside the community to illegally catch and sell these animals, and also increased community complaints about the lack of turtles. surveillance.

Faced with this situation of lack of control by environmental agencies and predatory outflow of resources, communities that protect turtles began to seek, with the environmental authorities, a form of remuneration for the environmental services they provide, or sustainable possibilities of income generation, through community creation of turtles (ex situ management) or quotas for extraction. Then, in 2017, in the state of Amazonas, the first authorized community agriculture units for turtles began operating. But other initiatives such as ecological tourism could be a good future option for these communities.




CONCLUSION

The riverside communities of the Amazon view the chelonians as an important food source, and it is one which has been managed and conserved by them with participation in different systems of use and protection throughout history.

The community system of protection of chelonians is responsible for most of the conservation areas of chelonians in the Amazonas state, and ensures that a great diversity of nesting environments are conserved in several rivers. In addition, the community management of chelonians has demonstrated that it is productive as a form of co-management, and is effective in increasing and protecting stocks of chelonians in the region, as well as being efficient, since it protects the species at a low operational cost.

Community-based chelonian conservation programs have their voluntary character and community mobilization as their strong point and, as such, have guaranteed the continuity of protection actions, even in the face of possible crises due to lack of support from environmental agencies. As tools for participatory management of natural resources, it is an important conservation strategy, complementary to the protection system created by the government.
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