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Abstract
Consuming wildmeat may protect against iron-deficiency anemia, a serious public health problem globally. Contributing to debates on the linkages between wildmeat and the health of forest-proximate people, we investigate whether wildmeat consumption is associated with hemoglobin concentration in rural and urban children (<5 years old) in central Brazilian Amazonia. Because dietary practices mediate the potential nutritional benefits of wildmeat, we also examined whether its introduction into children’s diets is influenced by rural/urban location or household socio-economic characteristics. Sampling 610 children, we found that wildmeat consumption is associated with higher hemoglobin concentration among the rural children most vulnerable to poverty, but not in the least vulnerable rural, or urban children. Rural caregivers share wildmeat with children earlier-in-life than urban caregivers, potentially because of cultural differences, lower access to domesticated meat, and higher overall wildmeat consumption (four times the urban average). If wildmeat becomes unavailable through stricter regulations or over-harvesting, we predict a ~10% increased prevalence of anemia among extremely poor rural children. This modest protective effect indicates that ensuring wildmeat access is, alone, insufficient to control anemia. Sustainable wildlife management could enhance the nutritional benefits of wildlife for vulnerable Amazonians, but reducing multidimensional poverty and improving access to quality healthcare are paramount. 
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In this paper, we assess the role of wildmeat in supporting child health among rural and urban Amazonians. We use the term ‘wildmeat’ to refer to terrestrial game species, excluding the meat from aquatic animals (e.g., fishes, turtles). We aim to evaluate whether wildmeat consumption potentially protects young children against anemia, to determine which kinds of forest-proximate children (rural or urban, and in each location, the sub-populations most or least vulnerable to poverty) may benefit, and to assess whether sharing wildmeat with children is influenced by location (rural/urban), household characteristics, and in urban areas, caregivers’ origin (specifically, whether or not they are rural-urban migrants).
[bookmark: __Fieldmark__1656_1598054867][bookmark: __Fieldmark__1550_776086039][bookmark: __Fieldmark__1343_160021191][bookmark: __Fieldmark__1250_1438489913][bookmark: __Fieldmark__654_2600564405][bookmark: __Fieldmark__1172_1966262422][bookmark: __Fieldmark__1447_1126528256][bookmark: __Fieldmark__2381_3102391107][bookmark: __Fieldmark__624_497869388][bookmark: __Fieldmark__1450_1126528256][bookmark: __Fieldmark__13626_689577430][bookmark: __Fieldmark__1253_1438489913][bookmark: __Fieldmark__1553_776086039][bookmark: __Fieldmark__17862_689577430][bookmark: __Fieldmark__1175_1966262422][bookmark: __Fieldmark__657_2600564405][bookmark: __Fieldmark__1346_160021191][bookmark: __Fieldmark__2389_3102391107][bookmark: __Fieldmark__17874_689577430][bookmark: __Fieldmark__2584_689577430][bookmark: __Fieldmark__616_497869388][bookmark: __Fieldmark__1659_1598054867][bookmark: __Fieldmark__1615_776086039][bookmark: __Fieldmark__678_4978693881][bookmark: __Fieldmark__18965_2600564405][bookmark: __Fieldmark__17910_6895774301][bookmark: __Fieldmark__2431_31023911071][bookmark: __Fieldmark__1396_160021191][bookmark: __Fieldmark__1216_1966262422][bookmark: __Fieldmark__1297_1438489913][bookmark: __Fieldmark__1506_1126528256][bookmark: __Fieldmark__1727_1598054867][bookmark: __Fieldmark__1428_160021191][bookmark: __Fieldmark__642_497869388][bookmark: __Fieldmark__685_2600564405][bookmark: __Fieldmark__1653_776086039][bookmark: __Fieldmark__2403_3102391107][bookmark: __Fieldmark__1541_1126528256][bookmark: __Fieldmark__1326_1438489913][bookmark: __Fieldmark__1245_1966262422][bookmark: __Fieldmark__1768_1598054867][bookmark: __Fieldmark__700_2600564405][bookmark: __Fieldmark__1354_1438489913][bookmark: __Fieldmark__17898_689577430][bookmark: __Fieldmark__1575_1126528256][bookmark: __Fieldmark__1690_776086039][bookmark: __Fieldmark__660_497869388][bookmark: __Fieldmark__2597_689577430][bookmark: __Fieldmark__2417_3102391107][bookmark: __Fieldmark__1273_1966262422][bookmark: __Fieldmark__1459_160021191][bookmark: __Fieldmark__13644_689577430][bookmark: __Fieldmark__1808_1598054867][bookmark: __Fieldmark__1901_1598054867][bookmark: __Fieldmark__1656_1126528256][bookmark: __Fieldmark__1347_1966262422][bookmark: __Fieldmark__1426_1438489913][bookmark: __Fieldmark__741_2600564405][bookmark: __Fieldmark__1534_160021191][bookmark: __Fieldmark__1777_776086039][bookmark: __Fieldmark__1904_1598054867][bookmark: __Fieldmark__1439_1438489913][bookmark: __Fieldmark__1429_1438489913][bookmark: __Fieldmark__17964_689577430][bookmark: __Fieldmark__13698_689577430][bookmark: __Fieldmark__1675_1126528256][bookmark: __Fieldmark__760_2600564405][bookmark: __Fieldmark__1659_1126528256][bookmark: __Fieldmark__1799_776086039][bookmark: __Fieldmark__17926_689577430][bookmark: __Fieldmark__1550_160021191][bookmark: __Fieldmark__1537_160021191][bookmark: __Fieldmark__1350_1966262422][bookmark: __Fieldmark__2472_3102391107][bookmark: __Fieldmark__702_497869388][bookmark: __Fieldmark__694_497869388][bookmark: __Fieldmark__744_2600564405][bookmark: __Fieldmark__1780_776086039][bookmark: __Fieldmark__712_497869388][bookmark: __Fieldmark__2449_3102391107][bookmark: __Fieldmark__17946_689577430][bookmark: __Fieldmark__1362_1966262422][bookmark: __Fieldmark__2640_689577430][bookmark: __Fieldmark__2456_3102391107][bookmark: __Fieldmark__1926_1598054867][bookmark: __Fieldmark__1604_160021191][bookmark: __Fieldmark__1401_1966262422][bookmark: __Fieldmark__1865_776086039][bookmark: __Fieldmark__1735_1126528256][bookmark: __Fieldmark__782_2600564405][bookmark: __Fieldmark__1487_1438489913][bookmark: __Fieldmark__1998_1598054867][bookmark: __Fieldmark__754_497869388][bookmark: __Fieldmark__2656_689577430][bookmark: __Fieldmark__2513_3102391107][bookmark: __Fieldmark__13741_689577430][bookmark: __Fieldmark__1770_1126528256][bookmark: __Fieldmark__811_2600564405][bookmark: __Fieldmark__1516_1438489913][bookmark: __Fieldmark__1903_776086039][bookmark: __Fieldmark__18012_689577430][bookmark: __Fieldmark__1430_1966262422][bookmark: __Fieldmark__1636_160021191][bookmark: __Fieldmark__2039_1598054867]Whether from domesticated or wild animals, animal source foods (ASFs) are likely to support the health of forest-proximate children in numerous ways. For instance, ASFs are important for children’s physical and cognitive development21,22. Our study focuses on the potential benefits of wildmeat in reducing the burden of anemia among Amazonian children. Insufficient iron intake can lead to iron-deficiency anemia (IDA) (herein, anemia), which is more likely for children whose diets are low in ASFs 23. IDA is not the only form of anemia, but iron deficiency is the major cause of anemia in children24. IDA is also the leading global cause of disability in children under 5 years25, and the most prevalent micronutrient deficiency24,26. Anemia regardless of severity, poses an enormous public health problem because it impairs childhood development in myriad ways, including depressing energy levels, growth, cognitive and motor skills, and socioemotional and neurophysiological functioning27. Childhood anemia is also linked to higher risks of illness, reduced educational performance, and lower productivity in adulthood, thus, perpetuating the cycle of poverty26–28. 
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[bookmark: __Fieldmark__3012_3102391107][bookmark: __Fieldmark__14265_689577430][bookmark: __Fieldmark__2754_1126528256][bookmark: __Fieldmark__1165_497869388][bookmark: __Fieldmark__1267_2600564405][bookmark: __Fieldmark__3076_689577430][bookmark: __Fieldmark__18564_689577430][bookmark: __Fieldmark__1968_1966262422][bookmark: __Fieldmark__2549_160021191][bookmark: __Fieldmark__2958_776086039][bookmark: __Fieldmark__2388_1438489913][bookmark: __Fieldmark__3163_1598054867]In this study, we investigate the relationship between wildmeat consumption and hemoglobin concentration (<11g/dL indicates anemia) in Amazonian children aged between 6 months to 5-years-old. Our novel contribution is examining this linkage in rural and urban populations, and assessing the determinants of when wildmeat is introduced to children’s diets. Specifically, household socioeconomic factors, and cultural origin (if urban caregivers migrated from rural areas), and rural versus urban location. We addressed these issues by sampling 610 children in four municipalities in central Brazilian Amazonia, capturing spatial and socioeconomic heterogeneity. The study municipalities are expansive (each 9,500-69,500 km2), highly river-dependent, and characterized by high forest cover (89.7-96.9% remaining), remoteness from large cities, and widespread multi-dimensional poverty, including food insecurity. The urban areas comprised three small towns (~7,000-15,000 inhabitants) and one medium-sized town (~30,000 inhabitants). Sampled riverine rural communities varied in their distance to towns. Our specific research questions were: (i) is the age at which children begin eating wildmeat affected by rural/urban location, household characteristics (caregiver’s education, household monetary income), and in urban areas, caregivers’ origin (i.e., if they self-identify as a rural-urban migrant)? Any effect of being a migrant is therefore marginal to the effects of (potentially) lower income and education, and, instead, is considered indicative of (unmeasured) sociocultural differences compared with other town-dwellers. Any variation in wildmeat-sharing practices of rural versus urban caregivers may reflect structural socioeconomic differences in access to different ASFs (either through market exchange or gifting, reciprocity, etc.), and potential cultural differences (i.e., wildmeat-sharing with children may be shaped by ways of life, which reflect particular values and traditions). (ii) Is wildmeat consumption associated with hemoglobin concentrations in rural and urban children, and does this vary between within-area subpopulations of households that are most or least vulnerable to poverty? We classified most and least vulnerable households based on monetary income (indicative of income poverty), and using a multidimensional poverty index (Poverty Probability Index – PPI45).  Finally, we evaluated the potential effects of changing scenarios of wildmeat consumption on anemia prevalence among children in central Amazonia.
Results
Rural households consumed wildmeat more frequently than urban households. Over two-thirds of rural households ate wildmeat at least monthly (69.5%), compared to 35.4% of urban households. Indeed, 36.4% of rural households ate wildmeat at least weekly (Fig. 1; Supplementary Fig. S1). 
In rural households, wildmeat consumption (mean 1.7 meals/week) was second only to fish (6.2 meals/week; Table 1). Least vulnerable rural households consumed wildmeat and chicken more often than the most vulnerable households. Beef was seldom eaten in rural areas (overall, 0.2 meals/week). In urban households, fish (3.2 meals/week) was also the main ASF, followed by chicken (2.1 meals/week), whereas wildmeat was consumed less often (0.3 meals/week; Supplementary Fig. S2). 
Wildmeat in children’s diets.  In both rural and urban areas, the likelihood of consuming wildmeat (at least sometimes) increased with age; being one year older more than doubles the odds (range 2.19-2.75; CI: 1.26-4.26) (Supplementary Table S1, Supplementary Table S2). Rural children were much more likely to eat wildmeat than same-aged urban children, for two reasons. First, rural households typically ate wildmeat much more often. Second, rural caregivers were much more likely to share wildmeat with children of a certain age, compared to urban caregivers. In urban areas, children of a rural-urban migrant parent were more likely to eat wildmeat than children in non-migrant households, with mean odds 148% higher (CI=1.26-4.85). In wildmeat-consuming rural households, the probability of sharing with a child was 0.67 (CI=0.52-0.79) by one-year-old. This probability is comparable to a three-year-old in a non-migrant urban household (0.63; CI=0.50-0.73) (Fig. 2) or a two-year-old child in a rural-urban migrant household (0.65; CI=0.53-0.76) (Supplementary Fig. S3, Supplementary Table S2). Overall, only 17.1% of urban infants (<1-year-old) ate wildmeat (CI=8.5-31.3), compared to 50% (CI=32.1-67.9) of rural infants. Urban children remained much less likely to consume wildmeat throughout early childhood. Hence, 62% of urban children aged two-to-five years old (CI=55.9-67.8) sometimes ate wildmeat, compared to 92.8% (CI=87.3-96) of rural children (Fig. 3). Wildmeat introduction to children’s diets was not associated with household monetary income or maternal education (Supplementary Table S1). 
The introduction of other ASFs into children’s diets was similar across rural and urban contexts. In both, most infants had started eating fish (rural = 76.9%; urban = 65.8%) and chicken (rural = 57.7%; urban = 61%), whereas beef consumption was rarer at this age (rural = 34.6%; urban = 41.5%). 
[bookmark: __DdeLink__1156_1480152426]Child hemoglobin. For the most vulnerable rural children (classified by monetary income), eating wildmeat more often was correlated with significantly higher hemoglobin concentration; each additional monthly wildmeat meal was associated with a 0.05 g/dL increase (95% CI=0.003, 0.103) when controlling for child age, malaria infection (prior 12 months), intestinal parasite infection (prior 3 months), municipality, season, and maternal education. We found the same association for the most vulnerable rural children when classifying vulnerability using the multidimensional poverty index (Supplementary Tables S3, S4, Fig. S4). Wildmeat consumption was associated with a mean increase in hemoglobin concentration of 0.25 g/dL for children with whom it was shared in the previous month, based on their mean consumption frequency (5 meals/month). The maximum potential benefit observed was a 1.0 g/dL increase, for the minority of the most-vulnerable rural children who consumed 20 wildmeat meals/month. Wildmeat consumption was not associated with hemoglobin concentration in the least vulnerable rural children, or either subpopulation of urban children (for both monetary income and multidimensional poverty classifications; Supplementary Tables S5, S6). The rural children in our sample had lower hemoglobin concentrations than their urban counterparts (Table 1). The mean hemoglobin concentration of rural children, for both the most/least vulnerable sub-populations, was significantly below (considering 95% CI) the 11 g/dL anemia threshold. For both urban sub-populations, confidence intervals for mean hemoglobin concentration overlapped the anemia threshold (Table 1).    
Anemia amongst most-vulnerable rural children. In the most vulnerable rural households (based on monetary income) 60.6% of children were anemic. When classified by multidimensional poverty, 68.6% of the most-vulnerable rural children were anemic. Those rates were higher than for the least vulnerable rural children (56.9% anemia prevalence) and for both subpopulations of urban children (most vulnerable = 47.1% anemic; least vulnerable = 42.1%) (Table 1). If we assume causality between wildmeat consumption and hemoglobin concentration, denying the most-vulnerable rural households (and, hence, their children) access to wildmeat increases anemia prevalence in our empirical sample to 66.3% of these children (95% CI=61.5%-69.2%), a 9.4% relative increase (i.e., the increase as a percentage of the reference value of 60.6%). The potential increase in anemia is higher when considering multidimensional poverty, with estimated prevalence of 7644 local context and data available. y.2% (95% CI=73.3%-79.0%), a 11.1% relative increase. Conversely, if all the most vulnerable (based on monetary income) rural children ate wildmeat twice a week (8 meals/month – similar to the current rate of consumption among the least vulnerable rural subpopulation [Table 1]), anemia prevalence in our sample would decrease to 55.7% of these children, equivalent to a 19% relative decrease (Fig. 4). This drop in anemia prevalence from ensuring twice-weekly consumption would be similar when classifying vulnerability based on multidimensional poverty, decreasing to 62.8% of the most vulnerable children compared to the no-wildmeat consumption scenario, equivalent to a 17.6% relative decrease (Supplementary Fig. S4).
Across all 44 highly river-dependent municipalities in Amazonas State, we estimate that in 2019 there were between 43,687 and 64,655 extremely vulnerable (classified by monetary income poverty) rural children aged between 6-months and 5-years-old. These lower and upper estimates equate to between 54 and 80% of young children inhabiting those places. We report this range instead of a single value because we relied on official municipality-specific count data of households within income classes, rather than means or other descriptors (see ‘Methods’ and Supplementary Information). In a policy scenario of denying wildmeat to these children’s households, we calculate that an additional 2,500 to 3,700 vulnerable rural children would become anemic (aggregated across those municipalities), relative to baseline current levels of wildmeat consumption. 
Discussion
[bookmark: __Fieldmark__3534_1598054867][bookmark: __Fieldmark__3326_776086039][bookmark: __Fieldmark__3537_1598054867][bookmark: __Fieldmark__3329_776086039][bookmark: __Fieldmark__3119_1126528256][bookmark: __Fieldmark__3122_1126528256][bookmark: __Fieldmark__2925_160021191][bookmark: __Fieldmark__2928_160021191][bookmark: __Fieldmark__2598_1438489913][bookmark: __Fieldmark__2601_1438489913][bookmark: __Fieldmark__2056_1966262422][bookmark: __Fieldmark__1352_2600564405][bookmark: __Fieldmark__2059_1966262422][bookmark: __Fieldmark__1307_497869388][bookmark: __Fieldmark__1355_2600564405][bookmark: __Fieldmark__3280_3102391107][bookmark: __Fieldmark__3267_3102391107][bookmark: __Fieldmark__18824_689577430][bookmark: __Fieldmark__14524_689577430][bookmark: __Fieldmark__3307_689577430][bookmark: __Fieldmark__1315_497869388][bookmark: __Fieldmark__18804_689577430][bookmark: __Fieldmark__3604_1598054867][bookmark: __Fieldmark__3391_776086039][bookmark: __Fieldmark__2639_1438489913][bookmark: __Fieldmark__3322_689577430][bookmark: __Fieldmark__2091_1966262422][bookmark: __Fieldmark__998_604416066][bookmark: __Fieldmark__3179_1126528256][bookmark: __Fieldmark__1330_497869388][bookmark: __Fieldmark__1167_2337006717][bookmark: __Fieldmark__2978_160021191][bookmark: __Fieldmark__14547_689577430][bookmark: __Fieldmark__18850_689577430][bookmark: __Fieldmark__606_1915955171][bookmark: __Fieldmark__3304_3102391107][bookmark: __Fieldmark__1381_2600564405]Concerns over zoonotic disease transmission and over-harvesting of wildlife populations must be considered alongside tropical forest-dwellers’ rights and the nutritional importance of wildmeat5,8,46. Our study addresses whether consuming wildmeat may protect children against anemia, a serious health impairment often caused by iron deficiency. Our findings go beyond research in a single-village in Madagascar4, to examine anemia and linkages with wildmeat-sharing practices in multiple urban and rural populations in a highly-forested Amazonian region. We found that wildmeat consumption is associated with higher hemoglobin among the most vulnerable rural children, with the potential to partially protect them from anemia. This finding was robust to classifying vulnerability to poverty based on monetary income or a multidimensional poverty index. If rural Amazonians were denied access to wildmeat, we calculate that the prevalence of early childhood anemia could increase by between 9.4 and 11.1%. This would equate to impaired well-being and risks to lifelong development and health for several thousand already-disadvantaged children living in forested areas, even considering just one Brazilian State (Amazonas). Conversely, if the most vulnerable rural children consumed wildmeat as often as the least vulnerable rural children, anemia prevalence among the former may drop by 19%. The overall nutritional benefits (i.e., looking beyond a single micronutrient) of wildmeat for rural Amazonian children may be greater than the typical benefits to urban children, for three reasons. First, we show that rural households consume wildmeat more often. Second, our results demonstrate that rural caregivers have less access to domesticated ASFs. Third, we find that rural caregivers typically begin sharing wildmeat earlier-on in a child’s life. 
[bookmark: __Fieldmark__3725_1598054867][bookmark: __Fieldmark__3509_776086039][bookmark: __Fieldmark__3294_1126528256][bookmark: __Fieldmark__3395_3102391107][bookmark: __Fieldmark__2137_1966262422][bookmark: __Fieldmark__1375_497869388][bookmark: __Fieldmark__2688_1438489913][bookmark: __Fieldmark__3100_160021191][bookmark: __Fieldmark__1424_2600564405]Rural-urban and socioeconomic differences in wildmeat in children’s diets. A major finding was that four-fifths of riverine rural Amazonian children eat wildmeat, at least sometimes, between their first and second birthdays. This compares to only two-in-five similar-aged urban children. In our study area, rural households consume, on average, four-times more wildmeat than their urban counterparts47, but consume domesticated ASFs less often. 
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[bookmark: __Fieldmark__2385_1966262422][bookmark: __Fieldmark__3768_1126528256][bookmark: __Fieldmark__3996_776086039][bookmark: __Fieldmark__2969_1438489913][bookmark: __Fieldmark__3474_160021191][bookmark: __Fieldmark__4239_1598054867][bookmark: __Fieldmark__4285_1598054867][bookmark: __Fieldmark__2987_1438489913][bookmark: __Fieldmark__19168_689577430][bookmark: __Fieldmark__3526_689577430][bookmark: __Fieldmark__3492_160021191][bookmark: __Fieldmark__4039_776086039][bookmark: __Fieldmark__628_1915955171][bookmark: __Fieldmark__3646_3102391107][bookmark: __Fieldmark__1223_2337006717][bookmark: __Fieldmark__14834_689577430][bookmark: __Fieldmark__1653_2600564405][bookmark: __Fieldmark__2403_1966262422][bookmark: __Fieldmark__3812_1126528256][bookmark: __Fieldmark__1039_604416066][bookmark: __Fieldmark__1587_497869388]Higher hemoglobin concentration linked to wildmeat consumption by the most-vulnerable rural children. Although we cannot be certain of a causal effect, our results indicate that, currently, wildmeat may provide a 0.25 g/dL increase in hemoglobin concentration for the most-vulnerable rural children who consume it. If children that currently consume wildmeat were denied it, those with hemoglobin levels just above 11 g/dL would have a high risk of becoming anemic. Plausibly, some caregivers may normally share wildmeat with a child but avoid sharing certain species, perhaps due to taboos linked to perceived health-risks of eating particular species32. If so, we may have over-estimated children’s consumption of wildmeat meals, and hence the 0.25 g/dL effect would be a conservative estimate. Nonetheless, this potential benefit is below the 0.69 g/dL reported in Madagascar4, although their estimate assumes maximum within-sample wildmeat consumption (11 kg/year/person) rather than their observed median value (<1 kg). Repeating their calculation would quadruple our estimated potential benefits to 1 g/dL, based on 20 wildmeat meals/month. However, this level of consumption was rarely reported in our sample, and it is over four-times higher than current consumption of the most vulnerable rural households. 
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Certain limitations of this study should be stressed. We relied on a cross-sectional design, hence the observed associations do not necessarily represent causal effects. Also, our estimates of how wildmeat consumption affects hemoglobin concentration would be improved by detailed measurement of each child’s wildmeat consumption. For example, by using observational or food diary data, including amounts, species consumed and cooking method. Nonetheless, in the first such study in Amazonia, we have identified an important association between wildmeat and anemia, an indicator of child health. This region is well-recognized for unique role in supporting planetary health, yet the health-risks and vulnerabilities of Amazonian populations are overlooked by policy-makers in Brazil and beyond70.
Conclusions
[bookmark: __Fieldmark__6805_1598054867][bookmark: __Fieldmark__6404_776086039][bookmark: __Fieldmark__6146_1126528256][bookmark: __Fieldmark__5134_160021191][bookmark: __Fieldmark__4451_1438489913][bookmark: __Fieldmark__1860_2337006717][bookmark: __Fieldmark__15647_689577430][bookmark: __Fieldmark__971_1915955171][bookmark: __Fieldmark__4247_689577430][bookmark: __Fieldmark__3695_1966262422][bookmark: __Fieldmark__2781_2600564405][bookmark: __Fieldmark__2574_497869388][bookmark: __Fieldmark__4693_3102391107][bookmark: __Fieldmark__20185_689577430][bookmark: __Fieldmark__1512_604416066][bookmark: __Fieldmark__6936_1598054867][bookmark: __Fieldmark__6532_776086039][bookmark: __Fieldmark__6277_1126528256][bookmark: __Fieldmark__5183_160021191][bookmark: __Fieldmark__4491_1438489913][bookmark: __Fieldmark__3731_1966262422][bookmark: __Fieldmark__2813_2600564405][bookmark: __Fieldmark__15691_689577430][bookmark: __Fieldmark__20233_689577430][bookmark: __Fieldmark__4301_689577430][bookmark: __Fieldmark__4746_3102391107][bookmark: __Fieldmark__2609_497869388][bookmark: __Fieldmark__6979_1598054867][bookmark: __Fieldmark__6572_776086039][bookmark: __Fieldmark__6314_1126528256][bookmark: __Fieldmark__3752_1966262422][bookmark: __Fieldmark__4312_689577430][bookmark: __Fieldmark__20250_689577430][bookmark: __Fieldmark__4516_1438489913][bookmark: __Fieldmark__5212_160021191][bookmark: __Fieldmark__2622_497869388][bookmark: __Fieldmark__15704_689577430][bookmark: __Fieldmark__2830_2600564405][bookmark: __Fieldmark__4763_3102391107][bookmark: __Fieldmark__7022_1598054867][bookmark: __Fieldmark__6612_776086039][bookmark: __Fieldmark__6352_1126528256][bookmark: __Fieldmark__5241_160021191][bookmark: __Fieldmark__4542_1438489913][bookmark: __Fieldmark__20261_689577430][bookmark: __Fieldmark__15711_689577430][bookmark: __Fieldmark__2637_497869388][bookmark: __Fieldmark__4774_3102391107][bookmark: __Fieldmark__3775_1966262422][bookmark: __Fieldmark__4321_689577430][bookmark: __Fieldmark__2850_2600564405]The importance of wildmeat to the health of tropical forest-dwellers has long-been discussed yet related empirical evidence has been scarce1,71. Our study suggests that wildmeat consumption has the potential to partially protect the most vulnerable rural children in Amazonia against anemia, even where fish is widely-available and regularly eaten. This paper’s novel contribution is showing that the nutritional importance of wildmeat varies by rural/urban location, and household-level vulnerability to poverty. We found no evidence of an association between wildmeat consumption and hemoglobin concentration for either urban children, or the least vulnerable rural children. These apparent differences across subpopulations of children in our study area may relate to household access to wildmeat and alternative ASFs, and potential sociocultural influences on childhood feeding practices. Potentially, the nutritional benefits to urban children could be enhanced if caregivers were to begin feeding wildmeat to children at a younger age. The current urban tendency to wait until later in childhood may be explained by cultural norms. For rural Amazonians, wildmeat is likely to be a substantial source of energy, protein, and micronutrients by one-year-old. We have shown that the current level of wildmeat typically consumed by vulnerable rural households has the potential to be partially protective against childhood anemia. For many forest-proximate people, especially those in remote locations, domesticated alternatives to wildmeat are neither affordable nor locally available. Instead, rural forest-dwellers tend to either hunt themselves or acquire wildmeat through social networks63,72. Hence, wildmeat may indeed provide an irreplaceable ecosystem service67, especially given these populations often lack access to even basic public services or programs designed to promote public health and nutrition. Consequently, developing equitable, community initiatives for sustainable wildlife harvesting is crucial for reconciling human health with risks of defaunation, biodiversity loss, and emergence of zoonotic diseases5,7. Wildmeat appears to make an important contribution to child health, yet forest-proximate people face myriad disadvantages.  Eliminating anemia, being caused by iron-deficiency or else, and other nutrient deficiencies therefore requires major investments to improve public health and reduce vulnerability.
Materials and Methods
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Sampling. In each municipality, we randomly sampled 200 urban households (100: wet-season; 100: dry-season) and 80 rural (40: wet-season; 40: dry-season), totaling 1,111 households (9 fewer Jutaí rural households due to logistical problems). Because our analyses here only include households with young children (6-months to 5 years old), our total sample size varied across municipalities. Of 800 urban households sampled, 291 were included (390 children). Of 311 rural households sampled, 145 were included (220 children). As such, the total sample size was 610 children. Supporting Information contains more details of the sampling design, including random sampling of households. 
Data collection. We collected data on hemoglobin concentration and socioeconomic data from interviews with household heads and each child’s mother or primary caregiver (when the mother lived elsewhere). We interviewed people in the 2015 dry season (August-December) and 2016 wet season (March-July), pre-testing the questionnaire (May-June 2015) in Autazes, another municipality in Amazonas. The survey was coordinated by P.C.T and L.P., conducted together with A.M., J.O., M.A.T.P, M.G.F.S., M.P.F, and another four trained assistants. 
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[bookmark: __Fieldmark__7538_1598054867][bookmark: __Fieldmark__7117_776086039][bookmark: __Fieldmark__6692_1126528256][bookmark: __Fieldmark__3036_2600564405][bookmark: __Fieldmark__4796_1438489913][bookmark: __Fieldmark__5523_160021191][bookmark: __Fieldmark__5023_3102391107][bookmark: __Fieldmark__4001_1966262422][bookmark: __Fieldmark__2843_497869388]Wildmeat consumption frequency. We defined wildmeat consumption frequency as the number of meals containing wildmeat consumed in the household in the previous 30 days. We obtained this number using direct questioning. We then asked the mother/caregiver two questions about each child’s consumption of wildmeat: (1) whether the child had already eaten it; (2) whether the child normally eats wildmeat when available. In the absence of more precise data on child consumption, we assume that children ate wildmeat during all meals consumed in their household if caregivers reported that the child normally eats wildmeat, when available. Some meals may not have been shared with children (e.g., due to beliefs that some species may be less healthy), therefore  we may under-estimate the potential health benefits of each wildmeat meal (i.e., due to over-estimating a child’s wildmeat consumption). Although over ten species were consumed in urban and rural areas, urban consumption concentrated on three species –lowland paca (Cuniculus paca), tapir (Tapirus terrestris), and white-lipped peccary (Tayassu pecari), the last two being classified by the IUCN as Vulnerable to extinction. Rural consumption was more evenly distributed, including frequent consumption of howler monkeys (Alouatta spp.), brocket deer (Mazama spp.), curassow (no id.), agouti (Dasyprocta spp.), collared peccary (Pecari tajacu) and tortoise (Chelonoidis spp.)47.
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Children’s wildmeat consumption models. We ran logistic models (binomial distribution). The response variable was whether the child ate wildmeat when available in the household (binary variable; yes/no). Only children in households that declared to have consumed wildmeat in the previous 12 months were included (nrural=183; nurban=263). Predictor variables were child age, sex, maternal education, monetary income, and, for urban children only, whether the household head was a rural-urban migrant. There was no multicollinearity among numeric variables, with low values of variance inflation factor (VIF) for all variables, for both subsets (highest VIF=1.06) (Supplementary Fig. S8). However, maternal education was significantly lower in rural-urban migrant households (migrants’ mean schooling years=6.8; non-migrants =8.4; p<0.001).
[bookmark: __Fieldmark__7545_784912057][bookmark: __Fieldmark__7548_784912057][bookmark: __Fieldmark__7749_784912057]Hemoglobin concentration models. We separated sub-populations of the children most, and least vulnerable to poverty in each type of location (rural and urban). This is because, a priori, we assumed that their vulnerability of anemia differed due to factors related to myriad aspects of poverty/deprivation. We classified a child’s vulnerability to poverty based on their household’s economic characteristics using (a) monetary income poverty thresholds, and (b) an adapted multidimensional Poverty Probability Index (PPI)45. While monetary income is the conventional measure for classifying households in poverty and extreme poverty in urban and rural areas (including for enrolling in Brazilian federal social protection programs, such as conditional cash transfers), it ignores the multidimensional nature of poverty. Monetary poverty also does not account for characteristics of traditional rural forest-dwelling societies: (i) reliance on subsistence activities (harvest and cultivation) to meet consumptive needs; (ii) widespread food-sharing (through practices with other households), and limited access to markets, which together reduce the need and opportunities for monetary transactions. Accordingly, we also included PPI, a poverty measure which incorporates a household’s access to services (e.g., years of schooling, formal employment, sanitation) and selected assets (e.g., fridge, motorized vehicle). We refer to the poorest 50% of sampled rural households and their children as the ‘most vulnerable’ and the least-poor 50% of sampled rural households and their children as ‘least vulnerable’. We avoid ‘wealthiest’ given the myriad disadvantages characterizing our study population. The urban sample is also split into the poorest 50% of sampled households (most vulnerable) and the least-poor 50% (least vulnerable). However, absolute levels of monetary and multidimensional poverty differed between rural and urban areas (see Supplementary Information), and therefore these sub-samples are based on relative, not absolute, measures of poverty. In other words, the economic poverty characterizing the most vulnerable rural households is ‘deeper’ (e.g., lower mean income) than for the most vulnerable urban households. We named households ‘vulnerable’ instead of ‘poor’, because poverty measures are not ideal to characterize traditional rural populations in our study context. We acknowledge that our assessment of vulnerability in terms of monetary poverty and access to education, infrastructure, employment, and material assets (measured by the PPI), and ignores other sources of vulnerability (e.g., demographic profiles, gender inequalities, violence)80. 
[bookmark: __Fieldmark__8350_1598054867][bookmark: __Fieldmark__7137_1126528256][bookmark: __Fieldmark__5157_1438489913][bookmark: __Fieldmark__7625_776086039][bookmark: __Fieldmark__7140_1126528256][bookmark: __Fieldmark__5926_160021191][bookmark: __Fieldmark__5929_160021191][bookmark: __Fieldmark__7622_776086039][bookmark: __Fieldmark__8353_1598054867][bookmark: __Fieldmark__8389_1598054867][bookmark: __Fieldmark__5987_160021191][bookmark: __Fieldmark__20697_689577430][bookmark: __Fieldmark__5410_3102391107][bookmark: __Fieldmark__4369_1966262422][bookmark: __Fieldmark__7201_1126528256][bookmark: __Fieldmark__5984_160021191][bookmark: __Fieldmark__7204_1126528256][bookmark: __Fieldmark__7695_776086039][bookmark: __Fieldmark__5209_1438489913][bookmark: __Fieldmark__3119_497869388][bookmark: __Fieldmark__20708_689577430][bookmark: __Fieldmark__3341_2600564405][bookmark: __Fieldmark__5397_3102391107][bookmark: __Fieldmark__16064_689577430][bookmark: __Fieldmark__1828_604416066][bookmark: __Fieldmark__4780_689577430][bookmark: __Fieldmark__3338_2600564405][bookmark: __Fieldmark__5212_1438489913][bookmark: __Fieldmark__2140_2337006717][bookmark: __Fieldmark__3127_497869388][bookmark: __Fieldmark__4372_1966262422][bookmark: __Fieldmark__7692_776086039][bookmark: __Fieldmark__8392_1598054867]We ran Gaussian models, with  hemoglobin concentration as the continuous response variable. The candidate predictor variable was the number of meals containing wildmeat in the preceding 30 days. For children not yet consuming wildmeat in households that declared consumption, the number of meals was set to zero. We assumed that a child ate wildmeat in all wildmeat meals consumed in their household, if, according to the caregiver, the child normally ate wildmeat when available. We did not consider possible inequitable intra-household allocation (e.g., caregivers withholding wildmeat meals in order to eat more themselves) of food. However, we note there is evidence of, (a) equitable intra-household distribution of food in low- and middle-income countries83, (b) we know that mothers in rural Amazonia tend to protect their children from food scarcity84. Control variables included  were: season (dry/wet), municipality, fluvial travel distance to the nearest urban area (only for rural sample), household members (number), private toilet (yes/no, but omitted for rural models, as only 12 households had one), monthly monetary household income, maternal education (years), domesticated meat and fish consumption (meals of each in the preceding seven days), child age (days), malaria incidence (yes/no; prior 12 months), and medical diagnosis of intestinal worms (yes/no during previous 3 months). 
Rural caregivers may have under-reported children’s recent infections with malaria or intestinal parasites due to geographic barriers in healthcare access. The potential for under-reporting is likely to be higher in more remote rural areas where healthcare access is most precarious. For instance, in situ diagnosis of malaria infection requires a well-trained microscopist and electricity. If under-reporting of these infections is correlated with higher wildmeat consumption in more remote areas, this could affect the accuracy of the estimated statistical association between wildmeat consumption and hemoglobin concentration. There was no multicollinearity among numeric variables, with low values of variance inflation factor for all variables for all subsets (highest VIF=1.67) (see Supplementary Information, Supplementary Table S1 and Supplementary Fig. S7 for a more detailed description on variables, their treatment, and collinearity). 
Estimates of anemia avoidance in the study population and study universe. To estimate changes in anemia prevalence in a scenario where the most vulnerable rural children were unable to access wildmeat, we computed the difference between the observed hemoglobin concentration in our sample of this subpopulation (n=104) and the wildmeat consumption effects estimated by our model (i.e., one wildmeat meal increases hemoglobin concentration by 0.05 g/dL). 
[bookmark: __Fieldmark__8651_1598054867][bookmark: __Fieldmark__8654_1598054867][bookmark: __Fieldmark__7819_776086039][bookmark: __Fieldmark__7822_776086039][bookmark: __Fieldmark__7322_1126528256][bookmark: __Fieldmark__7325_1126528256][bookmark: __Fieldmark__6099_160021191][bookmark: __Fieldmark__3434_2600564405][bookmark: __Fieldmark__6102_160021191][bookmark: __Fieldmark__3235_497869388][bookmark: __Fieldmark__5318_1438489913][bookmark: __Fieldmark__20823_689577430][bookmark: __Fieldmark__4934_689577430][bookmark: __Fieldmark__16182_689577430][bookmark: __Fieldmark__4476_1966262422][bookmark: __Fieldmark__5321_1438489913][bookmark: __Fieldmark__3437_2600564405][bookmark: __Fieldmark__20834_689577430][bookmark: __Fieldmark__5546_3102391107][bookmark: __Fieldmark__5559_3102391107][bookmark: __Fieldmark__4473_1966262422][bookmark: __Fieldmark__3227_497869388]To estimate how many rural children in our study universe (44 river-dependent municipalities in Amazonas State unconnected to the road network [Supplementary Fig. S9]) could be affected by any future change in access to wildmeat, first we used governmental census data to estimate the area’s rural population of ‘most vulnerable’ young children (in terms of monetary income, because of data availability) aged between 6-months and 5-years-old. For each municipality we utilized data on the: relative size of the rural and urban populations (percentage of each) ; total number of children (6-months to 5 years-old); number of households with monthly income comparable to that our most vulnerable sample. From those values, we calculated the percentage of children and households within our income range of interest, for each municipality’s total population and total number of households. These three variables were obtained from the  most recent census, in 2010 (2010 Brazilian Population Census74). 
[bookmark: __DdeLink__10983_784912057][bookmark: __Fieldmark__8726_1598054867][bookmark: __Fieldmark__3465_2600564405][bookmark: __Fieldmark__5592_3102391107][bookmark: __Fieldmark__20854_689577430][bookmark: __Fieldmark__4958_689577430][bookmark: __Fieldmark__3252_497869388][bookmark: __Fieldmark__4512_1966262422][bookmark: __Fieldmark__20865_689577430][bookmark: __Fieldmark__16205_689577430][bookmark: __Fieldmark__3260_497869388][bookmark: __Fieldmark__4515_1966262422][bookmark: __Fieldmark__7884_776086039][bookmark: __Fieldmark__6149_160021191][bookmark: __Fieldmark__7381_1126528256][bookmark: __Fieldmark__6152_160021191][bookmark: __Fieldmark__5362_1438489913][bookmark: __Fieldmark__5579_3102391107][bookmark: __Fieldmark__3468_2600564405][bookmark: __Fieldmark__5365_1438489913][bookmark: __Fieldmark__7378_1126528256][bookmark: __Fieldmark__7881_776086039][bookmark: __Fieldmark__8729_1598054867]Income data from the census are available for classes of per capita monetary income per household, taking the Brazilian minimum wage as the reference (e.g. classes include ‘no-income’, ‘up to ⅛ of the minimum wage’, ‘from ⅛ to ¼ of the minimum wage’, ‘from ¼ to ½ of the minimum wage’). Because we lacked data for comparing the precise income of censused households with our field estimates of income (which we used to classify household vulnerability), we produced two estimates: (i) a lower estimate (of poverty prevalence) only including households with per capita monetary income ≤ ⅛ of the minimum wage, (ii) an upper estimate including households with per capita monetary income ≤ ¼ of the minimum wage. We did so because the income threshold for vulnerable to poverty (per capita monetary income ≤ ⅕ of the minimum wage) in our rural field data is in-between these limits. To account for population growth since the last census in not recent), we adjusted our calculations of each municipality’s population of rural vulnerable children using official population estimates from  201975. The 2019 estimates only include total population size so we applied each municipality’s overall percentage population change (since 2010) to update our 2010 census data on numbers of rural inhabitants, children 6-months to 5 years-old, and households within our target income range (Supplementary Information).
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Fig. 1. Frequency of wildmeat consumption by rural and urban Amazonian households, based on meals consumed within the previous 30 days. Only households where wildmeat was consumed in the previous 12 months are included. Error bars represent 95% CI. 95% CI for the binomial proportions were calculated using the Wilson score interval (using package ‘binom’ in R). 
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Fig. 2. Increasing probability of wildmeat consumption with the age of Amazonian children in rural (gray) and urban (blue) areas, in households that consume wildmeat.  Urban children are those whose caregivers are not rural-urban migrants (Supplementary Fig. S1). The shaded areas represents 95% CI.
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Fig. 3. Percentage of Amazonian children that consume wildmeat in different stages of infancy and early childhood, separated by rural and urban locations. Wildmeat-consuming households are defined as those which consumed wildmeat in the previous 12 months. Error bars represent 95% CI, calculated using the Wilson score interval (using the R package ‘binom’). 
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Fig. 4. Relationship between frequency of wildmeat consumption and anemia prevalence among vulnerable rural children in Central Amazonia (red dots and black lines). Anemia is defined by hemoglobin concentration <11g/dL. These children are classified as vulnerable because their household was one of the poorest (n=104) 50% of sampled rural households, based on monetary income. Shaded great bars show the frequency distribution of different levels of wildmeat consumption in this subpopulation. Based on our modeled estimate, each additional meal containing wildmeat increases hemoglobin concentration by 0.05 g/dL (all other control variables kept constant). Twenty wildmeat meals per month was the highest number observed in this subsample. The dotted horizontal line represents the estimated prevalence of anemia if these children were denied access to wildmeat.  
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Table 1. Hemoglobin concentration, anemia prevalence and consumption of different types of animal source foods (ASF), among urban and rural children in Central Amazon. 
	Location
	Vulnerability to poverty (subpopulations)
	Mean Hb 
concentration
(g/dL)b
	Anemia prevalence
 (%) c
	Household consumption of selected ASFs (mean meals/week)

	
	
	
	
	Wildmeatd
	Fishd
	Chickend
	Beefd

	Urban
	Most vulnerablea
	11.00 (10.82-11.17)
	47.1
	0.32 (0.12-0.52)
	3.10 (2.62-3.58)
	1.87 (1.54-2.23)
	0.86 (0.56-1.15)

	
	Least vulnerablea
	11.14 (10.96-11.32)
	42.1
	0.27 (0.04-0.50)
	3.38 (2.80-3.95)
	2.44 (1.95-2.94)
	1.31 (0.93-1.69)

	
	Whole urban sample
	11.07 (10.95-11.20)
	44.6
	0.30 (0.15-0.44)
	3.22 (2.86-3.59)
	2.05 (1.75-2.34)
	1.05 (0.82-1.29) 

	Rural
	Most vulnerablea
	10.51 (10.27-10.76)
	60.6
	1.05 (0.55-1.56)
	6.39 (5.97-6.82)
	0.61 (0.22-0.99)
	0.09 (0.00-0.19)

	
	Least vulnerablea
	10.72 (10.50-10.94)
	56.9
	2.40 (1.61-3.18)
	6.04 (5.44-6.65)
	1.07 (0.50-1.63)
	0.22 (0.01-0.43)

	 
	Whole rural sample
	10.61 (10.45-10.78)
	58.7
	1.65 (1.19-2.11)
	6.24 (5.88-6.59)
	0.81 (0.48-1.14)
	0.15 (0.05-0.26)


a Most and least vulnerable children were classified based on household monetary income being above or below the median of that location type (e.g., rural).
b Mean hemoglobin concentration (g/dL). 95% Confidence Intervals in parentheses.
c Anemic children were defined as having Hb <11g/dL.
d Mean number of days in which each type of meat was consumed in the previous 7 days. 95% Confidence Intervals in parentheses.
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