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Abstract
After centuries of decline, the populations of indigenous nations in Brazil began to increase in the 1970s. Population Ecology
theory predicts that population size affects the dynamics of three basic recovery patterns: intra-specific cooperation (a positive
effect of population size); competition (a negative effect); and exponential growth (no effect of population size). We analyzed the
dynamics and recent history of 25 Brazilian indigenous populations using a cross-sectional approach to understand how exog-
enous and cultural variables (e.g., deforestation, diet richness) interact with population levels. We found that population size,
access to health care, the extent of indigenous territories, and degree of deforestation impact the recovery of indigenous popu-
lation levels.
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Introduction

American indigenous populations suffered drastic declines
and widespread acculturation following the arrival and
expanding settlement of Europeans from the late fifteenth
century onward (Ribeiro 1956). Conservative estimates of in-
digenous pre-contact Brazilian populations report around
three million people with 1000 distinct languages (Melatti
1993). After 500 years of contact, the indigenous populations
are now estimated at only slightly more than 800,000 individ-
uals with approximately 180 languages persisting (IBGE
2010; S1 Text).

In the last century, Latin America experienced a political
shift towards the protection of indigenous rights (McSweeney
and Shahna 2005) notably in Brazil during the 1950s and
1960s, peaking with the creation of the Parque Indígena do

Xingu (PIX) in 1961. After 22 years of dictatorship, the
Brazilian Constitution of 1988 explicitly guaranteed the rights
of indigenous nations to a territory and access to basic health
care. Since then, Indigenous Territories (ITs) have expanded
further and currently occupy 13% of the country (Instituto
Socioambiental 2011). Indigenous communities began to re-
ceive better health assistance and government subsidies that
reduced mortality rates and allowed demographic recovery
rates with an average of approximately 3% per year (estimated
from at least 50 indigenous nations), a value much higher than
the national rates (Melatti 1993; Ricardo 2000; Pagliaro et al.
2005; Instituto Socioambiental 2011; IBGE 2014). This
growth has led to many nations regaining pre-contact popula-
tion levels, allowing them to maintain their social and cultural
integrity (Pozzobon 1994; S2-S4 Text).

Nonetheless, Brazilian indigenous nations continue to
endure higher disease burdens and mortality levels as
well as lower life expectancies than non-indigenous
populations (Junior 1985, 1989; Junior and Santos
1991; Fagundes et al. 2004; Orellana et al. 2006). ITs
are subject to habitat destruction (Fig. 1) and land con-
flicts arising from illegal mining and logging activities
and expansion of agricultural frontiers, particularly for
ranching and large-scale cultivation enterprises1 (Villas

1 Agriculture and husbandry currently represent more than 23% of Brazilian
annual GDP.
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Bôas and Villas Bôas 1994; Flowers 1994; Junior et al.
2002; Baruzzi 2005; Fearnside 2005; Paula 2005;
Barbosa et al. 2008; Filho and de Souza 2009; Lemos
and Silva 2011). These developments serve to under-
mine any benefits to indigenous communities brought
by government designation of their territories and im-
proved access to health care (Ribeiro 1970; S5 and S6
Text; Fig. 1).

Many studies have addressed the role of life-history traits,
e.g. family size, age of first son, age of marriage, among others
traits important to fitness (Hotz and Miller 1988; Pennington
and Harpending 1988; Kaplan 1996; Hill and Kaplan 1999;
Ricardo 2000; Pagliaro 2002; Maia et al. 2004; Pagliaro and
Junqueira 2007; Machado et al. 2009; Pagliaro et al. 2009),
diseases (Ribeiro 1956, 1970; Orellana et al. 2006; Instituto
Socioambiental 2011), climate (Lima 2014; Lima et al. 2016),
habitat degradation (Garfield 2001; Filho and de Souza. 2009;
Instituto Socioambiental 2011), diet and foraging strategies
(Belovsky 1988; Balée 1992; Smith and Winterhalder, 2003)
to human populations and specifically to hunter-gatherer and
horticultural societies (Early and Peters 1990; Hill and
Hurtado 1996; Walker et al. 2006; Hamilton et al. 2009).
Yet, only a few have simultaneously addressed the potential
impacts of the interaction of population size and exogenous

variables on population dynamics (Hamilton et al. 2009; Lima
and Berryman 2011; Lima 2014; Lima et al. 2016).

Population Ecology theory adopts principles from
Dynamic Systems theory, which identifies both endogenous
and exogenous processes that could affect the dynamics of
any variable (Royama 1992; Berryman 1999; Turchin 2001;
Hopfenberg 2003). Endogenous processes occur when a var-
iable affects directly or indirectly (through another variable)
its own rate of change and dynamics, as in the predator-prey
interaction. An exogenous process occurs when a variable
affects another, but the effect does not feed back, e.g., climate
variables, natural disasters, the introduction of invasive spe-
cies, and wars could affect population dynamics (Lima and
Berryman 2011; Lima 2014; Lima et al. 2016).

Population Ecology Theory dictates that under a favorable
and constant environment any population may grow exponen-
tially (Ginzburg 1986; Royama 1992; Berryman 1999). In this
case, the recovery rate is constant and independent of popula-
tion size. There are two basic deviations from exponential
growth: (1) when population size enhances environmental
suitability such as through cooperative activities (intra-
specific cooperation) in a stressful environment (Allee,
1932; Berryman 1999; Luděk et al. 2006); and (2) when pop-
ulation size has a negative effect on environmental suitability

Fig. 1 aDeforested areas (dark grey) inAmazonia Legal (AL) until 2013.
AL is a macro socio-economic and environmental region. It comprises the
dense-ombrophilous biome in northern Brazil and consists in a transition-
al region (Central-west) to other biomes like savanna (Cerrado), semi-
decidous, among others. The agricultural frontiers have been advancing
from central-west to northern region in the last decades, following the

Brazilian official roads (Brando et al. 2013). (B) The Parque Indígena do
Xingu (PIX, in dark grey) surrounded by deforested areas (light grey,
source: Google Earth, obtained in January 14, 2018). (C) Photograph
showing the PIX frontier with agriculture area obtained from Instituto
Socioambiental, 2011)

276 Hum Ecol (2019) 47:275–290



(intra-specific competition) such as by reducing per capita
available resources (Malthus 1798; Verhulst 1838; Allee,
1932; Royama 1992; Berryman 1999; Turchin 2001;
Hopfenberg 2003; Luděk et al. 2006). In summary, adding
individuals to a population may either enhance or deplete
environmental suitability (Malthus 1798; Verhulst 1838;
Royama 1992; Berryman 1999; Turchin 2001; Hopfenberg
2003). Moreover, endogenous and exogenous variables can
interact, influencing the dynamics of human populations
(Lima and Berryman 2011; Lima 2014; Lima et al. 2016).

These ecological principles and models have been used to
explore and explain the human dynamics of pre- and postin-
dustrial periods ranging from small non-hierarchical societies
to large empires (Royama 1992; Berryman 1999; Turchin
2001; Lima and Berryman 2011). By taking into account the
effects of limiting factors and potential feedback loops (see
below), here we aim to correlate recent historical events with
the demography of 25 Brazilian indigenous nations and to
explore the interaction between exogenous variables and pop-
ulation sizes to explain their observed population growth rates
from the perspective of Population Ecology Theory (Royama
1992; Berryman 1999; Turchin 2001; Lima and Berryman
2011).

Methods

We analyzed the dynamics of 25 Brazilian indigenous nations
(Table S1). We selected nations with at least five population
size records within the period 1930 to 2010/12.We focused on
the relationship among the population per capita rate of
change (R), population size, and external variables. R can be
estimated as the natural logarithmic ratio between consecutive
population sizes or as the natural logarithmic difference be-
tween natality and mortality rates in a closed population
(Royama 1992; Berryman 1999).

Using principles from System Dynamics Theory and bio-
logical interactions, population ecologists have developed a
framework to explore the contributions of distinct drivers to
population dynamics. R measures the average (i.e., per capita)
fitness of the population, i.e., how the average individual per-
forms in the population. Hence, R can be used as a proxy of
per capita life-standard. Under a favorable environment and
with sufficient resources individuals have more children and
survive for longer periods (R is positive) than under unfavor-
able environmental conditions (R is negative) (Royama 1992;
Berryman 1999).

The endogenous view holds that as the population grows
individuals may become more efficient in food acquisition,
finding sexual partners (i.e., changes in sex ratio), as well as
in protecting themselves against predators (Allee, 1932;
Berryman 1999; Luděk et al. 2006; Gregory et al. 2010).
Population growth may allow for better labor organization

(Boserup 1965, 1981), reducing the costs and increasing the
benefits of economic and social activities that are important to
the social and cultural persistence of any indigenous popula-
tion. Population growth improves individuals’ life-standards,
and thus accelerates its own rate of increase (R). It marks a
positive feedback process biologically known as intra-specific
cooperation (Berryman 1999) (S1 Fig. and S7 Text).

However, demographic cooperation is unstable; it cannot
persist indefinitely. The positive demographic effects of accu-
mulated cooperative activities eventually reach a maximum
for a given environment. Life-quality decelerates and enters
a new phase where population growth is independent of pop-
ulation size. These populations exhibit an exponential growth
pattern, which is also unstable since a population cannot grow
indefinitely (Royama 1992; Berryman and Turchin 2001;
Ginzburg 1986; Turchin 2001; S1 Fig.).

Nevertheless, as the population increases, individuals may
face per capita reductions in resource supply (e.g., space or
food), initiating a decline in the population per capita rate of
change (R). This process is known as intra-specific competi-
tion, and these populations display a logistic growth pattern
(Ginzburg 1986; Berryman 1999; Berryman and Turchin
2001; Lima and Berryman 2011; S1 Fig. and S7 Text).

An exogenous process occurs when a variable affects an-
other without, however, being affected by the changes it
causes (Royama 1992; Berryman and Turchin 2001), e.g.,
climate variables, political changes, habitat destruction, the
introduction of diseases and vaccines (Lima 2009; Lima and
Berryman 2011).

We can summarize a general R-function for any population
(Royama 1992; Berryman 1999):

R− f unction∼ Nt−d;Exogenous variablesð Þ ð1Þ

R is an undefined function of endogenous (Nt−d where t-d
is the time lag) and exogenous processes.

Endogenous Processes (Nt−d)

We aimed to identify nations with similar R behavior with
population size (intra-specific cooperation, competition, and
exponential growth). Due to the low number of observations
per nation, we first visually explored the relationship between
R and population size for the 25 nations. Depending on
whether R declined, increased, or stayed relatively constant
with population size, we classified the nations as intra-specific
competition, cooperation, and exponential growth patterns,
respectively. To support our classification, we first analyzed
Mucaji Yanomami time series, which covers 60 years of an-
nual data. Then, we grouped nations that exhibited the same
behavior and fitted the following discrete models (Verhulst
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1838; Gregory et al. 2010) that capture the intra-population
principles:

R ¼ Rmax 1−ð Nt−1=Kð Þ
�
Q ð2Þ

R ¼ Rmax Nt−1=Eð Þ−1ð ÞT ð3Þ
R ¼ Rmax Nt−1=Eðð Þ−1

�
1− NT−1=Kð Þð Þ ð4Þ

Eq. 2, Eq. 3 and Eq. 4 capture, respectively, the intra-
specific competition, cooperation, and both behaviors. R is
the population per capita rate of change, Rmax represents the
maximum per capita rate of change, Nt − 1 is the population
size at a previous observation, K is the carrying capacity, i.e.,
the stable population size determined by the supply of re-
sources in the environment and the caloric demands of the
individuals to survive and reproduce. Above K, individuals
suffer from food scarcity and mortality is higher than natality,
resulting in population decline. Below K, there is sufficient
resource surplus and population grows. Q is a non-linear term
that reflects the intensity of intra-specific competition around
K. E denotes an unstable equilibrium population size, where,
if higher, population always grows and, if lower, it tends to-
wards extinction; T represents how fast a population deviates
from the unstable equilibrium size (Berryman 1999).

We also explored the patterns of natality, mortality, and
migrations rates in order to identify which contributed to the
observed R behavior for the Kawaiweté, Ikpeng, Kamaiurá,
and Kisêdjê, the nations for which there is available data. We
used the Partial Least Squared Regression (PLSR), with R
levels as the response variable and the demographic compo-
nents and population size as exploratory variables. PLSR is an
extension of multiple regression analyses and is useful when
the number of exploratory variables is higher than or similar to
the number of observations. PLSR groups non-independent
exploratory variables on orthogonal linear gradients maximiz-
ing the covariance between scores and loadings of exploratory
and response variables (Naes and Martens 1985; Bates and
Watts, 1988; Tobias 2003; Carrascal et al. 2009).

The behavior of R in function of population size will sug-
gest the actions of the cooperation or competition (or the lack
of it), and the PLSR analysis (Kawaiweté, Ikpeng, Kamaiurá,
and Kisêdjê) will suggest the demographic paths of the effects
of endogenous and exogenous processes.

Exogenous Variables

Endogenous processes may interact with external variables to
affect the dynamics of a population (Berryman 1999). Theory
posits that external variables are determinant if they also affect
the demographic components (natality, mortality, andmigration)

of the population per capita rate of change (Berryman 1999).
Thus we reviewed the recent history of the 25 nations from the
literature and websites (<http://pib.Socioambiental .org/pt>ref)
looking for variables and processes that could affect R’s
demographic components. We performed a multivariate cross-
sectional analysis to explore the effects of potential exogenous
variables on the dynamics. Based on our review and available
data, we can rewrite the R-function as follows:

R∼ f
�
Nt−d ; Threats;Number of villages;Diet items;Number of ITs;

Total territory size;Numbers of governmental and ONG projects;Number of biomes
�

ð5Þ
Here, Nt−d refers to initial population size during recovery

period, which was used as a proxy of the contribution of
population size to the dynamics. The threats can be divided
into extractive (e.g., illegal logging, mining) and land pres-
sures (e.g., illegal invasions and settlements) and may be act-
ing as negative exogenous variables (S2, S3 and S4 Text and
Fig. 1). The creation of new villages may represent a cost to
individuals (e.g., land clearing, construction of houses, migra-
tion) but may also ease potential problems of population
growth (e.g., local resource depletion) by distributing individ-
uals throughout the territory (S1 Table). Diet items are the
variety of hunted, gathered, and cultivated species used for
subsistence. The number of biomes found inside the ITs
(e.g., semi-arid, dense-ombrophilous, semi-decidual-
ombrophilous, among others) (Instituto Socioambiental
2011) was used as a proxy of ecosystem diversity invoking
the diversity-equilibrium theory (Odum 1953; MacArthur
1955; Elton, 1958; Chu and Tai 2001). Briefly, the theory
postulates that food-webs with more species are more resistant
and resilient than less diverse systems when faced by external
perturbations. We could posit that indigenous populations liv-
ing in contact with more biomes would be more resistant and
resilient when faced by habitat loss, for example through de-
forestation. We used the number of governmental and non-
governmental (NGO) projects as a proxy of political aware-
ness about the indigenous rights.

Combining the data set (Eq.5) generated in our review and
the data available in the ISA website, we built a Pearson’s
correlation matrix to investigate the relationship among exog-
enous variables. We also used the PLSRwith a cross-sectional
approach to reduce data complexity and ascertain which var-
iables might be more important to explain the R trend. We
used the average rate of change of R (dR), which captures
the general R trend as the response variable and the data cited
above as the exploratory variables (S1 Fig.). We started with
the entire set of variables, and step-by-step removed explor-
atory variables with no or small weights on the PLSR compo-
nents. We present only the final PLSR results. As noted, mul-
tivariate analyses like PLSR are usually used to reduce the
complex universe of measured variables. PLSR is an
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exploratory analysis, not a process of hypothesis testing.
Hence the results from the multivariate cross-sectional analy-
sis should be considered as hypotheses. All statistical analyses
were performed in the R environment (R Core Team 2016).
We fitted Eqs. 3–4 using the nls library in R through non-
linear regression analysis (Mevik and Wehrens 2007). We
interpret the statistical results under the scope of Population
Ecology Theory and the recent history of indigenous nations
(S1 Table and S3 Text).

Results

Endogenous Processes (Nt-d)

Weobserved a variety of recovery patterns. Somenations showed
a general competition or cooperation recovery, while others pre-
sented an exponential growth.We found nationswith evidence of
an initial cooperation growth and, at higher population size, com-
petition growth. Three nations presented a distinct sequence of
behaviors.GaviãoPkopje,Karitiana,andKrikati showedan initial
competition phase and a later cooperation growth (Figs. 2, 3, 4, 5,
6, 7, and 8).

The dynamics of the Mucaji Yanomami is the best time
series that we have and reflect most of the behaviors observed

in the others nations, describing an initial cooperation phase,
followed by periods of exponential and competition growth
(Fig. 2). The cooperation-competition model (Eq. 3) ex-
plained nearly 50% of the observed data from 1930 to 1989.
When we increased the time intervals between observations,
reducing the noise, the R2 (i.e., the coefficient of determina-
tion) of the model increased (Table 1).

We classified nations based on R behavior in func-
tion of population size. We then pooled all demograph-
ic data per group. Nations grouped as cooperation,
competition, and exponential growth respectively
showed a general positive, negative, and independent
R trend with population size (Figs. 2, 3, 4, 5, 6, 7, 8
and Table 1). Regardless of the behavior displayed, we
found that R was related to more changes in natality
than mortality levels (Table 2 and Fig. 7). In all cases,
mortality was at lower levels and generally declined
gradually (Fig. 7).

Exogenous Variables

The correlation matrix revealed some potential collinearities.
Most of the variables were positively correlated to the numbers
of indigenous territories and vegetation types (Table 3). The

Fig. 2 Mucaji Yanomami time series and the R function. Depicted an initial Allee phase and at the end an intra-specific competition phase. The R
function graphic is from 1930 to 1989, when health care improved and time series changed to an accelerating R trend (not shown)

Fig. 3 Time series of indigenous nations and R functions with accelerating R behavior
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number of indigenous territories, villages, initial popula-
tion sizes, illegal extractive pressures, and vegetation
richness are probably correlated. Vegetation type nega-
tively correlated with hunted items. Sources of diet are

correlated and agriculture is correlated with the numbers
of governmental and NGOs projects. Both sources of
threats were negatively correlated with hunting, gather-
ing, and agricultural items (Table 4).

Fig. 4 R-functions of the indigenous nations with visual exponential growth

Fig. 5 Time series of indigenous nations and R functions with overall R declining behavior
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After removing variables with no or small weights on the
first PLS component, we retained a small set of variables that
could affect R trends. The first PLS component explained
approximately 44% of the variance observed in dR, while
the second component explained 25%. Initial population size
and vegetation types weighed heaviest in the first component
whereas gathered items showed the highest weight in the sec-
ond PLS component (Table 4).

Discussion

Based on our data from the recent history of 25 Brazilian
indigenous nations we propose a hypothesis concerning the
interaction between the effects of population size and exoge-
nous variables from the perspective of Population Ecology
Theory. The population recovery patterns of the Brazilian in-
digenous nations suggest the existence of intra-specific coop-
eration and competition processes (or exponential growth) and
exogenous variables. The designation of ITs and improved
access to health care have reduced mortality levels, leading
to natality-driven population per capita rate of change. At the
same time, the expansion of agricultural frontiers has been
degrading environmental suitability for population growth

(Ribeiro 1970; Villas Bôas and Villas Bôas 1994; Instituto
Socioambiental 2011; S3 Text).

Together with health care, officially designated ITs
are central to the social and cultural persistence of in-
digenous populations. The correlation matrix showed
that the number of ITs correlates with most other vari-
ables. Increasing the number of ITs per nation raises the
possibility of confronting new threats and new biomes
(positive correlations), and allows higher initial popula-
tion sizes and the potential for the creation of more
villages.

The PLSR results point to the importance of deforesta-
tion, population size, and diet to nations’ demography. We
focus on the results from the first component of the anal-
ysis and suggest that the number of biomes may be a
proxy for deforestation. Most nations analyzed in this
study are from the Central-Western region, which is a
transitional area between the dense-ombrophilous forest
(Amazon) and other biomes (Brando et al. 2013), presents
the highest diversity of the biomes. While this high rich-
ness of biomes could invoke the diversity-equilibrium the-
ory (Odum 1953; MacArthur 1955; Elton, 1958; Chu and
Tai 2001), in our case of Brazilian indigenous nations the
predictions of the diversity-equilibrium theory did not

Fig. 6 The R functions of the nations with both accelerating and declining R behaviors. The initial decline trend of the Krikati, Karitiana and Gavião
Pykopjê can be related to the costs prior the land homologation
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apply (see Methods). First, the dense-ombrophilous forest
(the Amazon in the Northern region) present more species
than all the other biomes together (Brando et al. 2013).
Secondly, the Central-Western region has been suffering
from the advance of deforestation for a longer period than
the Northern region (Fearnside 2005; Paula 2005;
Salomão et al. 2007; Barbosa et al. 2008; Brando et al.
2013). The region with more vegetation types is also
where agricultural frontiers have been expanding during
the last decades. Therefore, we suggest that vegetation
types and habitat degradation correlate geographically
and may be a proxy of habitat impoverishment. Hence,
the PLSR first component can be interpreted as a combi-
nation of deforestation and population size effects on dR.

The Mucaji Yanomami dynamics provide the best evi-
dence of population size effects from our sample of na-
tions. They live in the Northern region (on the frontier
with Venezuela) and are therefore more distant from the
negative exogenous variables than the other nations we
analyzed, located in the Central-Western region. Hence,
we can interpret the Mucaji time series as being driven

mainly by the effects of population size on the population
per capita rate of change (R). Their population started to
recover prior to the introduction of health care however,
and the initial cooperation recovery phase can be related
to sex ratio stabilization and changes in their reproductive
regime as they moved from polyandry to monogamy,
which is a demographic Allee process with cultural
changes (Early and Peters, 1990; Albert 1999).

Habitat degradation could interact with population to
explain the dynamics of nations from Central-Western
and Northeastern regions. Deforestation reduces availabil-
ity of big game, fish stocks, and both timber and a range
of non-timber forest products (NTFPs) (Ribeiro 1970;
Vi l l a s Bôa s and Vi l l a s Bôa s 1994 ; I n s t i t u t o
Socioambiental 2011). We propose that as the advance
of agricultural frontiers degrades environmental sustain-
ability, it may increase the importance of cooperative ac-
tivities, which in turn impact demography (Lima and
Berryman 2011; S5 Text). For example, in the PIX, al-
most all nations with more villages near the agricultural
frontiers showed a general R positive trend (Fig. 9).

Fig. 7 Indigenous nations’
available natality and mortality
rates. Shows that independent of
the behavior, R is closer related to
natality than mortality rates. All
nations are from PIX
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During the R acceleration phase, population growth to-
gether with cooperative activities may improve environ-
ments previously degraded by deforestation (S8 and S9
Text). Population growth may diminish individual costs
of foraging (hunting and gathering), crop cultivation,
house construction, and caring for children (Ribeiro
1970; Berryman 1999; Smith and Winterhalder, 2003;
Hamilton et al. 2009).

However, this allows for the potential existence of a mini-
mum population size (E) below which the population be-
comes susceptible to extinction (Berryman 1999).
Indigenous nations have two E, one biological and other cul-
tural (Pozzobon 1994). Any human population needs a mini-
mal population size to function culturally as a group. Some
activities both social and related to subsistence (e.g., group
hunting or fishing) require a minimum number of individuals
involved (Ribeiro 1970; Pozzobon 1994),. Depending on the
degree of resource stock reductions, habitat destruction may
also remove activities related to subsistence even when there
are enough individuals to perform them (Flowers 1994), push-
ing the cultural and numerical E to higher population sizes,
increasing the odds of extinction during negative exogenous
events (e.g., epidemics, drought) within populations with de-
mographic evidence of the intra-cooperation process. These
nations should invest in population size to counteract ap-
proaching the numerical and cultural E. Investing in popula-
tion size to counter the negative effects of deforestation may
also allow better territory defense and attract more media at-
tention, which may translate into increased and improved

governmental assistance and protection of nations´ human
rights, as occurred for the Karitiana, Krikatí, and Gavião
Pykopjê (Ladeira, 1991; Ladeira and Azanha 1996, 2005a,
2005b).

Our results also captured the potential negative impact
of deforestation on diet richness leading to compromised
levels of nutrition, mentioned in nearly all the nations´
chronicles (Junior 1985, 1989; Junior and Santos 1991;
Fagundes et al. 2004; Orellana et al. 2006; S1 Table;
S2, S4, S8 Text). This suggests that habitat destruction
could exacerbate the decline of the per capita resource
availability as population grows, as suggested by recent
Xavante history and dynamics (S9 Text). Habitat destruc-
tion could result in a lower carrying capacity (K), also
increasing the odds of extinction during negative events.
Deforestation increases dependence on family farm

Table 1 Parameter estimates for the model fitted to Mucaji Yanomami
time series, with distinct time intervals between population size
estimations. Rmax, K and E represent maximum per capita rate of
change, carrying capacity and Allee population size, respectively

Interval (years) Rmax K E R2

1 0.14 310.38 97.56 0.56

3 0.277 308.29 99.73 0.67

5 0.711 300.57 96.08 0.86

r2 is the coefficient of determination that measures the model fit for
observed data. Significant results are in bold (P < .05)

Fig. 8 The R-functions for all data per demographic behavior. Nations
were visually grouped by the relationship between R and population size.
Intra-specific cooperation behavior: R = 0.17 + 1.155e-07* (population
size)2, R2 = 0.717, F1,37=27.78, p value = 1.11e-5. Exponential behavior:

R = 0. 2101–9.393e-05* (population size), R2 = 0,0460, F1,27= 27.78, p
value = 0.1355. Intra-specific competition: R = 1.35 * (1 - (population
size/1524)0.0489), R2 = 0,516, F1,25= 6.412, p value = 0.0179
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production (Villas Bôas and Villas Bôas 1994; Flowers
1994; Junior et al. 2002; Instituto Socioambiental 2011;
Nilsson and Fearnside, 2011; S9 Text). Within Brazilian
indigenous communities, agriculture is mainly women’s
responsibility (Ribeiro 1970; da Silva, 1999), so that any
increase in agricultural production could potentially pro-
duce a negative trade-off between family size and overall
demographic fitness (Kaplan 1996; Hill and Kaplan
1999).

The intra-specific competition phenomenon implies
that eventually all nations will suffer from the negative
effects of population growth (Berryman 1999). The ulti-
mate goal of indigenous nations and Brazilian govern-
ments should be to create conditions that enable nations
to attain high and sustainable equilibrium population size
(K). Indigenous nations with demographic evidence of
intra-specific competition should invest in the creation

of more villages to reduce the negative effects of local
resource depletion. Diluting the population could allow
higher and sustainable K while the Brazilian government
continues to invest in the expansion of agricultural fron-
tiers. The Brazilian government should invest in health
care improvements, the creation of more ITs and villages
to ease the negative effects of population growth.

Political and economic interests are the main impediments
to the creation of new ITs and the extension of existing ones,
as evidenced by the lack of impact of governmental and NGO
projects on the demography of indigenous communities.
International economic growth (e.g., China) increases demand
for Brazilian natural commodities, pushing mono-agricultural
frontiers closer to indigenous territories (IBGE 2014). As a
significant proportion of Brazilian GDP, agribusiness has a
strong political representation in the Brazilian congress, and
its supporters are generally opposed to indigenous rights.

Table 3 Correlation matrix (Pearson) for the dataset gathered from Instituto Socioambiental website

Number ITs Territory Population Villages Extractive Land Gather Agriculture Hunt Gov-
NGO

Vegetation

Number ITs 1.00

Territory 0.29 1.00

Population 0.90 0.13 1.00

Villages 0.89 −0.01 0.93 1.00

Extractive 0.54 0.27 0.58 0.55 1.00

Land 0.69 −0.03 0.71 0.77 0.72 1.00

Gather −0.27 −0.27 −0.08 −0.06 −0.29 −0.27 1.00

Agriculture −0.30 −0.29 −0.15 −0.21 −0.3 −0.28 0.49 1.00

Hunt −0.30 −0.10 −0.25 −0.20 −0.07 −0.12 0.58 0.5 1.00

Gov-NGO −0.13 −0.01 −0.05 −0.05 −0.24 −0.36 0.43 0.54 0.43 1.00

Vegetation 0.70 0.08 0.66 0.69 0.45 0.53 −0.27 −0.32 −0.42 −0.43 1.00

Variables are: number of territories (N ITs), total territory size (Territory, Km2 ), initial population size (Population), number of villages (Villages),
extractive pressure (Extractive), land pressure (Land), gathering diet items (Gather), agricultural items (Agriculture), hunting items (Hunt), government
and non-government projects (Gov-NGO). Significant results in bold (P < .05)

Table 2 Results of the partial least squares regression analysis (PLS) of four Brazilian indigenous nations carried out with the estimated population per
capita rate of change and four predictor variables (per capita natality, mortality, migration rates and population size)

Variables Kamaiurá Kawaiweté Ikpeng Kisêdjê

W1 W2 W1 W2 W1 W2 W1 W2

Natality 0.610 0.124 0.732 0.589 0.722 0.653 0.126

Mortality −0.511 0.120 −0.219 0.504 0.491 −0.497 0.332

Migration −0.298 −0.846 0.415 0.791 0.375 −0.502 0.437 0.706

Population 0.527 −0.505 0.494 −0.341 −0.405 0.47 0.368 −0.613
R2 44.225 23.807 54.256 39.766 64.628 22.461 55.297 31.065

W1 and W2 are the loading weights of each variable in the first and second PLS regression components. R2 is the proportion of the variance in the
response variable accounted by each component of the PLS regression. PLSR results and data inspections revels natality rates as the main driver of R
changes, followed by population size, mortality levels and migration rates
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Consequently, the number of officially designated ITs has
been declining drastically during the recent governments,
while deforestation in favor of agriculture has been advancing
(Instituo Socioambiental 2011). The platform of the recently
elected president Jair Bolsonaro seems to represent a contin-
uation of this trend, so it seems likely that indigenous com-
munities will continue to suffer as a consequence of the belief
of non-indigenous society that they represent a hindrance to
economic growth (S10 Text).

Brazilian GDP estimates do not directly include the bene-
fits of ecosystem services from natural reserves (IBGE 2014).
Yet habitat degradation and the loss of natural services do
impact actual GDP. For example, deforestation and urbaniza-
tion in the Amazon region increased the frequency of malaria
outbreaks and consequently governmental costs on health care
(Amaral et al. 2001; Loioloa et al. 2002). Also, the Amazon
forest influences rainfall regimes through humidity to the
southeastern region, which has the most populous and impor-
tant industrial centers in Brazil. Therefore, rain deficits, a
product of deforestation, may impact energy costs and indus-
trial productivity. In 2017, the government sanctioned a new
law (No. 13.493/17) that incorporates costs of ecosystem ser-
vices into GDP estimates, but how these estimates will be
calculated and when the law will be implemented are still
under debate. If and when it is implemented, the law may
change the actual paradigm regarding hindrances to economic
growth currently faced by ITs.

The United Nations Sustainable Development Goals
(United Nations 2017) include the target of BPromot[ing]
mechanisms for raising capacity for effective climate
change-related planning and management in least developed
countries and small island developing States, including focus-
ing on women, youth and local and marginalized
communities.^ Brazil has been and seems to be set to continue
to follow policies contrary to such efforts to reduce the

impacts of climate change as it continues to fuel the expansion
of agricultural frontiers. The loss of nearly 800 distinct lan-
guages during the last centuries represents not only a demo-
graphic genocide, but also the loss of the indigenous human
capital in the form of local environmental knowledge (LEK)
acquired over millennia, including knowledge of food and
medicinal plant species as well as the natural cycles of eco-
systems and the services they provide.2 Also, LEK can be
important to reforestation programs, as observed today in
PIX where indigenous communities collect the seeds for a
project aiming to rehabilitate the degraded headwaters of
Xingu’s hydrographic basin. It is also notable that small-
scale agriculture as practiced in indigenous communities al-
lows for greater diversity than commercial monocultures and
is less affected by pests, reducing the demand for and use of
pesticides (Instituto Socioambiental 2011).

The demographic recovery of indigenous populations in
Brazil allowed better territory protection and surveillance as
well as intra- and inter-nation social mobilization to pressure
the government to guarantee land rights that potentially im-
pact the demographic recovery pattern. For example, the pop-
ulation growth of the Karitiana, Krikatí, and Gavião Pykopjê
nations allowed better internal organization and also attracted
media attention that ultimately led to guaranteed land rights,
changing the R decline to increase. The inter-nations’ mobili-
zations together with the efforts of pro-indigenous NGOs and
universities act to counteract the agribusiness agenda of the
government (see https://pib.socioambiental.org/pt/Lista_de_
organiza%C3%A7%C3%B5es_de_apoio_aos_povos_ind%
C3%ADgenas).

Education may be the best way to construct a future social
awareness in Brazilian society as well as the international
community of the current situation and potential contributions
of indigenous nations, and most particularly to counteract the
secular paradigm that indigenous nations are a threat to eco-
nomic growth. The new national curricular base in Brazil (ap-
proved by the congress and the senate in 2017) clearly in-
cludes under History the valorization of afro- and indigenous
cultures (Law n° 10.639/200349 and Law n° 11.645/200850).
If successfully implemented, these new guidelines might
change social and political awareness of indigenous rights
established in the 1988 Constitution (S10 Text).

Conclusion

Most of the population predictions of human dynamics
are deterministic or stochastic projections of current

2 For example, the Kawaiweté recognize more than 200 species of plants that
can be cultivated for agricultural purposes (Instituto Socioambiental 2011).

Table 4 Partial least square regression analysis (PLS); results of the
exploratory variables gathered from Instituto Socioambiental website on
dR (the rate of change of per capita rate of change)

Variables W1 W2 W3

Population 0.633 −0.316 −0.643
Territory 0.176 0.566

Gather 0.144 0.942 −0.233
Vegetation 0.74 0.461

R2% 44.213 25.844 16.328

Variables with low or noweights on PLS components were removed from
the analysis and are not shown. W1, W2 and W3 represent the loading
weights of each variable in the first, second and third PLS regression
components. R2% is the proportion of the variance in the response vari-
able accounted for by each component of the PLS regression. All predic-
tor variables were standardized
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Fig. 9 The distribution of villages (triangles) per nation and indigenous posts (squares) inside PIX. The Kaiabis are the Kawaiwete. Kawaiwetes and
Kisêdjês have more villages and most of them are located near agriculture frontiers. Source: Instituto Socioambiental, 2011
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trends based either on exponential or faster than expo-
nential growth models (Galor and Weil 2000; Lutz et al.
2006). These approaches are problematic because they
are not based on general principles of population dy-
namics. Consequently, most of the human population
dynamics forecasts derive from inappropriate models be-
cause they do not take into account the effects of lim-
iting factors and potential feedback loops (Royama
1992; Berryman 1999). By exploring the dynamics and
the recent history of indigenous nations with the proper
ecological principles we were able to correlate exoge-
nous variables and processes (such as the introduction
of health care and advances of agriculture frontiers)
with population size. The ecological principles helped
to disentangle the complex universe of variables in
which indigenous populations live. The framework en-
courages hypothesizing and testing processes that could
affect population dynamics and would be readily appli-
cable across a range of human societies.
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