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There is a growing interest and concern for understanding the interaction among human
population growth and the sustainability of natural resources. In fact, many agrarian
societies experienced an increasing frequency of wars, famines and epidemics during
the periods of resource depletion. People from Sub-Saharan Africa (SSA) have suffered
the demographic consequences of famines, civil wars and political instabilities during
the last 50 years. Aimost half of the countries of SSA have undergone some form
of demographic crisis over the past 50 years. Our analysis indicate that despite that
environmental conditions were positively correlated with crop production across SSA,
Malthusian factors correlated inversely with cultivation intensity, which in turn translated
into a higher magnitude of depopulation suffered during the past 50 years. In this paper,
we provide empirical evidence that population collapses in SSA during the last 50 years
have been multifactorial, although more closely associated with “Malthusian” factors as
proximal drivers. Other proximal drivers such as economic indicators, political stability
and environmental determinants did not explain as much variance as Malthusian forces,
suggesting that explanations of collapse magnitude in SSA are embedded in a complex
multi-causal chain, in which demographic factors may play a modulating role yet to be
explored in more depth.

Keywords: ecology, economy, demography, human collapses, Malthus, Africa, causal model, partial least squares
path modeling

INTRODUCTION

There is a growing interest and concern for understanding the interaction among human
population growth and the sustainability of natural resources (Motesharrei et al., 2014). In fact,
some authors have raised the possibility of future resource depletion and depopulation in modern
societies (Butler, 2000, 2004), while others think that human societies can achieve sustainable
development by balancing economic and population growth (Galor and Weill, 2000). Several recent
studies have shown how different pre-industrial societies have collapsed during periods of climate
change, resource scarcity, and population growth (Zhang et al., 2007, 2011; Turchin and Nefedov,
2009; Lima, 2014). In fact, many agrarian societies experienced an increasing frequency of wars,
famines and epidemics during the periods of climatic change and resource depletion (McMichael,
2012).
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Human population growth has experienced an unprecedented
acceleration since the industrial revolution (Lima and Berryman,
2011). Despite improvements in health, hygiene and nutrition
in Western industrial societies, population collapses events
associated with famine and drought have continued to occur
especially in the second half of the nineteenth century and
the first half of the twentieth century (McMichael, 2012).
For example, at global scale, despite of the positive trend
in per capita growth rates, the rate change of growth
rates revealed a strong slowdown rate of population growth
during the period 1920-1940 (Lima and Berryman, 2011),
which can be related to the great economic depression.
However, the causes of population collapses occurred during
the second half of the twentieth century are much less
studied.

People from Sub-Saharan Africa (SSA) have suffered the
demographic consequences of famines, civil wars and political
instabilities during the last 50 years (Elbadawi and Sambanis,
2000, 2002). Deciphering the causes of these conflicts has
been an important area of research in socio-economic and
demographic sciences (Collier and Hoeffler, 1998, 2004; Gyimah-
Brempong and Corley, 2005). The dominant view in the
existing literature is that economic conditions are the main
determinants of civil wars and conflicts in less developed
countries (Collier and Hoeffler, 1998; Elbadawi and Sambanis,
2000, 2002; Goldstone et al., 2010). In addition, recent studies
have explored the role of ethnic (Easterly and Levine, 1997;
Elbadawi and Sambanis, 2002; Posner, 2004) and climatic
(Miguel et al., 2004; Burke et al., 2009; O’Loughlin et al.,
2012; Scheffran et al., 2012; Hsiang et al., 2013) variables as
potential explanatory factors of the high incidence of civil
wars in SSA. However, most of these studies have used the
frequency/intensity of civil conflicts or wars as response variables.
To date, no previous study has addressed this problem from a
demographic perspective as an attempt to address the population
consequences.

Several studies have proposed that population pressure
(Malthus, 1798) could be an important factor for determining
some of the population crisis observed in SSA for the past 50
years (Homer-Dixon, 1994; Andre and Platteau, 1998; Butler,
2000, 2004; Diamond, 2005; Briickner, 2010). In fact, land-
related conflicts in SSA appear to be an important factor
triggering civil violence and political instability (Andre and
Platteau, 1998; Deininger and Castagnini, 2006). In this paper,
we provide empirical evidence that the magnitude of the
population collapses in SSA during the last 50 years have
been closely associated with Malthusian factors. Moreover, we
used a well-established theoretical framework derived from
population dynamic theory (Royama, 1992; Berryman, 1999;
Turchin, 2003; Lima and Berryman, 2011) for analyzing human
population collapses in SSA. In sum, we aim at reconcile
competing hypotheses that have been proposed as explanations
of demographic collapses organizing several indicator variables
of socio-political, economic, environmental and land use drivers
into a unified causal framework by means of latent variable path
modeling.

MATERIALS AND METHODS
Data

Data from demographic, economic, land use, social, and political
variables from 41 countries of SSA were selected using the
World Bank data base, 20 of which showed signatures of
collapse according to criteria described in Section Demographic
Collapses. For each variable we estimated the median values
for the period 2000-2010 in order to avoid long term trends
in these data. All the variables used in this study are shown in
detail in Table 1. Further documentation and research is available
at www.worldbank.org/wbi/governance. Other variables and
derived quantities were also modeled and are summarized in
Table 1.

Demographic Collapses

The per capita growth rate can be easily estimated from
consecutive census of population data as: Ry = log, (N;/N;_),
where N is population size and d is the time period between
censuses (10 years). The plot of annual per capita growth rates
against years for each SSA country was used to determine
the periods with sudden population decreases [Supporting
Information (SI) Figure 1]. The demographic magnitude of these
events (hereafter collapses or crisis) can be estimated as the
difference between the R-values at the beginning and the end
of the collapse (SI Figure 1). In addition, we also estimated the
rate change of per capita population growth (second derivative).
This measure could be important to detect positive/negative
accelerations in the population growth rate (Ginzburg and
Colyvan, 2004). The rate change of per capita population growth
can be easily estimated from data as:

RGt = Rt_Rt—d

The presence of a population collapse was determined when the
value of RG; is negative over a period of 10 years, but preceded
and followed by positive values. The extent of collapse can be
estimated by the value of the negative RG; observed over a period
of 10 years. The absolute value of this quantity was modeled to
account for the intensity or magnitude of observed demographic
collapses in SSA.

Statistical Analyses

Data was analyzed using the Structural Equation Modeling
framework. Structural Equation Models (SEM) are a
confirmatory scheme designed to estimate causal effects
between two or more variables arranged in direct and indirect
relationships according to a predefined theoretical model (Kline,
2010). The idea behind SEM is that complexity inside a system
can be studied by means of a causality network among latent
concepts, known as Latent Variables (LV), which are measured in
turn using observed indicators, known as Manifest or Indicator
Variables (MV). A LV represents a concept that is hard to
capture using a single observable, either because there are no
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TABLE 1 | Latent and indicator variable relations; all indicators were considered reflective.

Driver Indicator variable Name Interpretation Loading t- p-value
estimates value
Climate and Area Country Area (Ha) High scores imply countries with 0.882 10.673 <0.001
environment EcolFoot Ecological footprint larger areas, higher foot print, low 0.834 9.793 <0.001
Lat Latitude (degrees) lp“?c'g'ta“on and located at higher 0.745 4.068 <0.001
atitude
Prec* Precipitation (mm/y) 0.728 4.682 <0.001
Croplands CerProd Cereal production High values of this latent score imply 0.794 11.634 <0.001
(metric tons) high global and per capita cereal
CerProdpc Cereal production per production and similar use of 0.829 11.804 0.133
capita (metric available land for crops.
tons/Total Population)
LandCer Land Cultivated 0.912 30.016 <0.001
w/Cereal (Ha)
LandCerpc LandCer per capita 0.745 7.974 <0.001
(Ha/Total Population)
Economics COo Carbon dioxide High scores for this latent imply 0.931 5.343 <0.001
emmision (metric tons growth and development
per capita)
CerY Cereal Yield (kg per Ha) 0.647 1111 <0.001
CerYpc** Cereal Yield per capita 0.532 4.919 <0.001
Fertility** Fertility Rate (births per 0.808 4.493 <0.001
woman)
GDPpc Gross Domestic 0.96 4.32 <0.001
Product per capita
(current US$)
HumanDI Human Developmental 0.843 4.448 <0.001
Index
Land use AgrLand* Agricultural Land (Ha) High values imply augmentation of 0.828 2.616 0.005
AgrLandpc** Agricultural Land per total arable but reduction in 0.743 2.55 0.006
capita (Ha/Total agricultural space and the per capita
Population) share
ArablLand Arable Land (% of land 0.441 1.919 0.028
area)
ArablLandpc*™ Arable Land per capita 0.764 2.189 0.015
(Ha per person)
Malthusian N** Total population size High scores of this LV imply 0.62 1.851 0.032
factors Popden Population Density densification 0.736 2.221 0.013
(people per sg. km de
land area)
RurPop % Rural Population (% 0.352 0.85 0.198
of total Population)
Rurden Rural Population 0.808 1.992 0.023
density (rural
population per sq. km
of arable land)
Political Corr Control of Corruption High score values of this latent imply 0.964 3.95 <0.001
(estimate) higher political stability and enforcing
PolitStab Political Stability/No of law 0.884 4.251 <0.001
violence (estimate)
RuleLaw Rule Law (estimate) 0.979 3.84 <0.001

Loading estimates were obtained after performing partial least squared path modeling t-values and p-values calculated using bootstrap (**). Original data sign was inverted before

analysis.
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FIGURE 1 | Annual estimates of per capita growth rates [R] of the African human population during the period 1960-2010. First row: examples of
Sub-Saharan Africa (SSA) countries showing no population consequences of civil wars; second row, SSA countries exhibiting strong population effects; third row,
SSA countries showing mild population effects of civil warfare. Gray stripes represent phases with sudden decreases in per capita growth rates: the magnitude of
which is estimated by the difference between the initial and final value of these periods.

instrumental means for that purpose, or because the concept
itself is complex and multidimensional, needing a combination
of MV to describe it empirically.

PLS Path Modeling (PLSPM) is a component-based
estimation method that defines an inner (or structural)
model of regressions among LV, and an outer model for relating
the MV and LV (Tenenhaus et al., 2005). The contribution
of each MV to its corresponding LV is achieved through the
linear combination of loadings obtained as the outcome of
a multivariate ordination procedure. Therefore, changes in
one MV imply changes in the other MV forming the LV.
PLSPM is an iterative algorithm that first solves the outer
model and then estimates the path coefficients in the inner
model. This technique is considered a soft modeling approach
because no strong assumptions are made regarding distribution
of variables, sample size and the measurement scale used.
These properties make PLSPM an interesting methodology in
situations where those assumptions are not tenable or difficult to
meet.

Latent Variables

Variables described in Table1 were considered as reflective
indicator variables of latent constructs. This framework allows
reducing a set of explanatory variables into a smaller set of
composite variables by exploiting their correlation (Kline, 2010;
Grace et al, 2012). This dimension-reduction procedure is
achieved though linear combination in a manner comparable
to principal component analysis. The advantage of providing a
reduced set of predictors relies in that more attention can be
paid to structural relations that are known to be important, but
cannot be fully accounted by observable variables in isolation.
In addition, statistical problems where multiple predictors are
available, but sampling size is small, can be approached using
the so-called soft-modeling approach by combining LV with
confirmatory factor analysis (Wold, 1982; Russo, 2009; Kline,
2010; Zhang et al., 2011). During data analysis, several diagnostics
such as cross-loading allow to assess whether or not a given
indicator variable perform better in its current latent, or if global
fit improves after relocating the indicator in another candidate
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latent (Tenenhaus et al., 2005). Therefore, it must be noted that
LV defined in Table 1 are in fact the final result of an iterative
process that started with a theoretically meaningful grouping
of manifest variables that were subsequently altered using outer
model checking diagnostics.

Partial Least Squared Path Modeling

Reducing the raw database to a smaller set of highly correlated
indices in the form of latent constructs allow us to focus
attention in the structural model (a.k.a. inner model) without
sacrificing information by excluding informative variables in
a model selection process through isolated pairwise regression
analysis.

LV were arranged in a confirmatory path aimed at
reconcile the effects of environmental, economic, political, and
demographic drivers as proximal causes of collapse. Distal effects
of other drivers were also included. Despite the confirmatory
nature of the model, some re-wiring of causal paths was required
to achieve better goodness of fit of the global model as well as
the individual paths. In tuning the outer and inner model, care
was taken to maintain the informative value of the constructs
while improving fitting performance. The final model and
the main hypotheses assessed are listed in Table 2. Inner and
outer model diagnostics included uni-dimensionality metrics
(i.e., composite reliability, Cronbach alpha, see Supplementary
Table S1), cross-loadings, path coefficients of determination,
and global goodness of fit (Wold, 1982; Tenenhaus et al.,
2005). Bootstrap was used to test the statistical significance
of beta coeflicients of the inner (structural) model, as well as
loadings of the outer (measurement) model. Analyses were done
using SmartPLS (Hair et al., 2014). Before analysis, data was
z-standardized.

RESULTS

The dynamics of the SSA population during the last 50 years
appears to be characterized by sudden changes in the per capita
growth rates in 20 of the 41 countries analyzed (Figure S1),
with some extreme examples of population collapses, such as in
Rwanda and Somalia (Figure 1). From the 41 countries analyzed
in SSA, only 20 of them have experienced demographic collapses.
The magnitude of the reduction in per capita growth rates
estimated by the rate of change of per capita population growth
rate showed a median value of —0.091, with some countries
having the steepest decreases, such as Somalia (—0.27) and
Rwanda (—0.21).

The global goodness of fit of structural model shown in
Figure 2 was 0.56, a notably high value given the complexity of
the model and small sample size. Four out of nine regression
paths explained a significant amount of variability, forming a
connected chain of correlation from environmental exogenous
determinant, trough cropland drivers, to Malthusian forces and
finally the magnitude of population collapse. Proximal hypothesis
of collapse favored Malthusian factors as the only significant
latent predictor above environmental, agricultural, political and
economic drivers (Table 2).

TABLE 2 | Structural model.

Latent Path in Beta t-value p-value
model coefficient

PROXIMAL COLLAPSE DRIVERS

Environmental ENV — COL —0.051 0.134 0.447

Political POL — COL —0.195 0.583  0.277

Economic ECO — COL 0.145 0.472 0.319

Malthusian (demographic) MAL — COL 0.666 1.68 0.057*

DISTAL (INDIRECT) COLLAPSE DRIVERS

Cropland on demographic CRO — MAL —-0.725 2.121 0.017*

Economy on demographic ECO — MAL —0.249 1.014  0.156

Political on economy POL — ECO 0.511 2.041 0.021**

Land use on croplands LUS — CRO -0.216 0.723  0.235

Environmental on croplands ~ ENV — CRO 0.633 2.505  0.006™

Proximal and distal hypotheses assessed. (*) marginal and (**) highly significant paths.

DISCUSSION

Malthusian forces appear to be the key factor for determining the
magnitude of population crisis suffered in the SSA region during
the past 50 years. For example, countries like Burundi, Rwanda
and Somalia characterized by high population densities (total
or rural) have suffered the largest population collapses. While
some authors have noted this causal link before (Homer-Dixon,
1994; Andre and Platteau, 1998; Butler, 2000, 2004; Diamond,
2005; Briickner, 2010; O’Loughlin et al., 2012), the role of
Malthusian factors in determining the magnitude of population
crisis in the region have been questioned (Urdal, 2005). Our
findings on the effects of proximal variables on the magnitude of
population crisis in Africa, reveal that environmental, economic,
and political factors contribute very little in determining the
severity or magnitude of the population collapses in SSA. Some
studies have established that high population densities and
an economy based on agrarian products heavily dependent
on climatic variability seem to be associated with a high
incidence of civil wars at SSA region (Miguel et al, 2004;
Burke et al., 2009). However, at the cross-country level, the
magnitude of population collapses seem to be more correlated
with Malthusian drivers, which is consistent with previous
studies that have proposed that high population density is an
essential factor to trigger violent conflict and political instability
in SSA (Andre and Platteau, 1998; Deininger and Castagnini,
2006).

In general, the Malthusian factors have been rarely mentioned
when analyzing the causes of civil wars and population collapses
experienced by many countries in SSA in the last 50 years
(Andre and Platteau, 1998; Butler, 2004; Diamond, 2005).
Several previous studies have established the role of economic
(Collier and Hoefller, 1998; Elbadawi and Sambanis, 2000, 2002;
Goldstone et al.,, 2010), socio-political and ethnic (Easterly and
Levine, 1997; Anyanwu, 2002), and even climatic factors (Miguel
et al., 2004; Burke et al., 2009; O’Loughlin et al., 2012; Scheffran
etal., 2012; Hsiang et al., 2013) as potential explanatory variables
for the high incidence of civil wars in SSA. However, no previous
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study has addressed the demographic effects of such conflicts
as a response variable. Here, the role of Malthusian forces is
deduced by using an explicit demographic variable representing
the magnitude of a population collapse. In fact, our SEM
results suggest a rather complex web of “cascading effects” of
environmental drivers to crop production to malthus factors
influencing indirectly the magnitude of population crisis. In fact,
SSA countries with the highest rural density population appear
to be in higher risk of suffering a population collapse associated
with civil conflicts. The classical example is Rwanda, with 645
rural population per sq. km of arable land, and other examples
experiencing strong demographic collapses are Burundi (660 per
sq. km of arable land), Eritrea (569 per sq. km of arable land),
and Somalia (474 per sq. km of arable land). Despite that most of
the countries of this region have undergone civil armed conflicts
during the last 50 years, only those countries characterized by
a complex intertwining of environmental, crop and Malthusian
drivers have been severely depopulated by massive genocides and
migrations.

The population dynamic pattern of SSA during the second half
of twentieth century was characterized by a positive relationship
between per capita growth rates and population size until the
mid-eighties, when it peaked; since then population growth
rates have decreased with population size (Lima and Berryman,
2011). The accelerated phase of population growth rates is
a human demographic signature of the industrial revolution:
modern developed countries peaked during the second half
of the nineteenth century [Europe, USA], Japan during 1920s,
Latin America during 1950s and China during 1960s (Lima
and Berryman, 2011). In the poorest regions of the world,
such as SSA, this demographic pattern of population growth
appears to be caused by the delayed global consequences of
the industrial revolution, and not due to the improvements
in local economy and socio-political development (Botha,
2010). This decoupling between demography and economic

development at SSA could explain the high frequency of civil
warfare and population collapses observed during the past
decades.

CONCLUSIONS

During the past 50 years a great number of countries in SSA
have suffered the tragic consequences of armed conflicts and
civil wars, which seem to have a complex multi-causal origin
(Butzer, 2012). However, only in some of these countries such
conflicts have generated severe depopulation due to genocide
and mass migration. In this study, it is suggested that population
collapses appears to be trigger by the direct (proximal) effects of
Malthusian factors associated with indirect (distal) drivers such
as environmental and cropland production. The results from
SSA n countries support the idea that the dramatic population
collapses observed in this region during the last decades appear
to have a proximal Malthusian cause above economic, socio-
political or environmental drivers.
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