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ARTICLE INFO ABSTRACT

Keywords: Anthropologists often assert that modern hunter-gatherer societies have been relegated to marginal habitats
Hunter-gatherer compared to their agricultural neighbors, with the implication that modern social organization and behavior
Environment

provide little insight into Paleolithic hunter-gatherers. We refer to this idea as the marginal habitat hypothesis
(MHH). Despite widespread use of the term ‘marginal,” there is little consensus as to what comprises a low
quality habitat for humans. Here we reassess the MHH by comparing the net primary productivity (NPP) of
habitats occupied by, and the population density (PD) of, a sample of 186 pre-industrial societies (foragers,
horticulturalists, intensive agriculturalists, and pastoralists). We found that the nature of the NPP-PD relation-
ship varied by subsistence type, and that foragers did not occupy significantly lower net primary productivity
habitats compared to other subsistence types. These results do not support the MHH. We conclude by discussing
the limitations of using modern ethnographic datasets to address the MHH and suggest alternative ways in which
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it may still be relevant.

1. Background

A common view in the anthropological literature is that modern
hunter-gatherers occupy ‘marginal,’ or poor quality habitats, compared
to agriculturalists who have displaced them through numerical, poli-
tical, or military means (Bigelow, 1972; Lee et al., 1968; Marlowe,
2005; Porter and Marlowe, 2007). This view, which we refer to as the
marginal habitat hypothesis (MHH), suggests that contemporary fora-
ging populations offer poor ecological models for Pleistocene hunter-
gatherers (Porter and Marlowe, 2007). While this claim is common-
place in the anthropological literature, there has been little empirical
investigation of the issue (Speth, 2010). Moreover, the term “marginal”
has been used imprecisely and variably. Marginality has been used in an
absolute sense in referring to habitats with low primary productivity
(Marlowe, 2005; Porter and Marlowe, 2007) or those that are arid, cold,
or in dense rainforest (Headland, 1987). The term has also been used in
a relative sense to contrast the apparently impoverished habitats oc-
cupied by mobile foragers to the richer habitats of neighboring agri-
culturalists (Bigelow, 1972; Wilmsen, 1989).

For some organisms, good or bad (i.e., optimal or marginal) habitats
can be relatively straightforward to define using measures such as

primary productivity (PP) or net primary productivity (NPP), the latter
reflecting the total energy available in a given habitat per year beyond
the vegetations' maintenance costs (McNaughton et al., 1989; Van
Horne, 1983). Yet annual productivity can produce both food products
and non-edible biomass that may not directly reflect available food
energy (Kelly, 1995, Porter and Marlowe, 2007). Moreover, humans are
biologically dependent on high-quality diets, achieved in part through
highly targeted foraging on high-risk, high-reward food items, in ad-
dition to the development of complex food acquisition and processing
strategies to increase caloric yield and decrease the costs of digestion
(Carmody and Wrangham, 2009; Kaplan et al., 2000; Leonard et al.,
2007; Wrangham, 2009).

Even with such complications, NPP have been widely and success-
fully applied in ethnographic studies as a proxy of habitat quality
(Binford, 2001; Codding and Jones, 2013; Kelly, 2013), including the
one study that has quantitatively tested the MHH, Porter and Marlowe
(2007). This study merged data from the Standard Cross Cultural
Sample (SCCS) (Murdock and White, 1969) with NASA satellite data on
NPP to compare habitats occupied by hunter-gatherers to those occu-
pied by horticulturalists, intensive agriculturalists, and pastoralists. The
authors found that, on average, hunter-gatherers did not occupy
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significantly lower NPP habitats compared to other subsistence types.
On this basis, Porter and Marlowe rejected the MHH (Porter and
Marlowe, 2007).

Our goal in this paper is to revisit the MHH, with additional data
and improved methods. To avoid confusion, we choose not to use the
terms ‘marginal’ and ‘optimal’ when possible, and instead refer to ha-
bitat quality as reflected by a standardized measure of environmental
productivity, NPP. First, we extend the analyses of Marlowe (2005) and
Porter and Marlowe (2007) by incorporating several methodological
modifications that account for the possibility that their findings were
driven by latitude or by the spatial scale of NPP measurement (Methods
and Materials). Second, we consider another means of assessing NPP as
a proxy for habitat quality, population density (PD). To more accurately
infer habitat quality for humans, it is important to consider how en-
vironmental energy is related to key demographic outcomes, such as
PD. In principle, habitat quality should be reflected in both food
availability (as indexed by NPP) and population density (Begon et al.,
1996; Krebs, 1972). NPP and PD are positively associated among some
modern (Chown et al., 2003; Luck, 2007) and pre-historic human po-
pulations (Codding and Jones, 2013), although there is also evidence to
suggest that PD declines, in areas of high NPP (Balmford et al., 2001).
While we expect that terrestrial NPP is useful in predicting general food
availability, we also acknowledge that habitat quality is also influenced
by non-food factors, including climate, competition, parasites, pre-
dators, and seasonality, etc. (Tallavaara et al., 2017).

Currently, we lack an understanding of how humans translate en-
vironmental productivity into demographic success in different ecolo-
gical contexts. While the relationship between environmental pro-
ductivity and population density has been extensively discussed within
archaeological and anthropological discussions of the origin of agri-
culture (Boserup, 1976; Butzer, 1982; Netting, 1968), it has not been
tested at a global scale with quantitative data. Similarly, the association
between NPP and PD has not been explored among those human po-
pulations that are most relevant to reconstructing the recent ecological
history of our species: populations across the globe who engage in pre-
industrial subsistence strategies such as horticulture, intensive agri-
culture, pastoralism, and foraging. Given the capacity for human cul-
ture and technology to shape human-environment interactions, we
propose that the assessment of habitat quality is improved by including
population-specific details such as subsistence type and PD. With this
aim, we examined how the relationship between NPP and PD varies by
subsistence strategy, which provides a further basis for evaluating the
MHH. In particular, if the relationship between NPP and PD varies with
subsistence type, then terms such as ‘marginal’ and ‘optimal’ would
seem to be of limited value when making comparisons across sub-
sistence types (i.e. ‘foragers occupy marginal habitats compared to
agriculturalists’).

Third, we discuss the limitations of using modern ethnographic
datasets to address the MHH and suggest alternative ways in which the
MHH may still be relevant.

2. Methods

We used ethnographic data from 186 pre-industrial societies of the
SCCS (see Materials section below) to examine the relationship among
NPP, subsistence type, and PD. First, we used environmental data from
NASA on the average mean (NPP,,.,,) and max (NPP,,,,) of occupied
habitats (based upon SCCS latitude and longitude) to test the MHH,
which states that foragers tend to occupy less productive habitats than
farming populations (Objective 1). Second, we modified this analysis to
include latitude, thus accounting for global variation in biome dis-
tributions (Objective 2). Finally, reflecting the positive relationship be-
tween habitat productivity and carrying capacity noted elsewhere, we
explore how NPP,., and PD are related for each subsistence type
(Objective 3). We estimate the probability of societies having low,
medium, or high PD as a function of NPP, testing NPP as a predictor of
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habitat quality for societies of each subsistence type, and incorporating
PD as a marker of demographic success. To test the reliability of NPP
measures, we used NPP,,., in addition to NPP,,..,. We also A) included
a number of additional environmental and behavioral factors as model
covariates, B) used a circular projection of foraging radius (rather than
grid), C) sampled habitats based on both a 15km and 120 km radius
(testing NPP,c.n and NPP,,,, over areas more representative of logis-
tical and residential scales), and D) expanded NASA Moderate
Resolution Imaging Spectroradiometer (MODIS) NPP data from 5 to
15 years to reduce error associated with annual variation).

2.1. Materials

We used data from four publicly available primary sources to de-
termine how NPP is related to population density across four pre-in-
dustrial subsistence types. The SCCS (Murdock and White, 1969) was
created as a means of addressing problems of autocorrelation in cross-
cultural research (i.e. Galton's Problem), selecting a subset of pre-in-
dustrial societies from the Ethnographic Atlas (Murdock, 1967). SCCS
societies are representative of cultural, geographic, linguistic, and re-
gional variation, and are thus a collection of independent data points
with good ethnographic coverage. From the SCCS we sourced fishing
contribution to diet, latitude, longitude, population density, societal
mobility, and study year,' and the. We obtained mean annual pre-
cipitation (mm, MAP) and effective temperature (ET) from Porter and
Marlowe (2007). We additionally followed their subsistence classifica-
tions, which were derived from SCCS measures as follows (the prefix ‘v’
followed by numbers refer to variable columns in the SCCS):

Foragers: local diet < 10% agriculture (v3 < 4), < 10% animal
husbandry (v5 < 4), and trade < 50% and < any single local source
(vl < 6); excludes equestrian hunters (v858 = 5 [Mounted Hunting]).

Pastoralism: (v858 =5 [Mounted Hunting] or 6
[Pastoralism > 33%]).

Horticulture: (v858 = 7-10 [7 = Shifting Cultivation with digging
sticks or wooden hoes, 8 = Shifting Cultivation with metal hoes,
9 = Horticultural Gardens or Tree Fruits, 10 = Advanced Horticulture
with metal hoes]; and foragers reliant upon trade for > 50% of diet
[vl = 4D.

Intensive agriculture: (v858 = 11 [Intensive Agriculture with no
plow] or 12 [Intensive Agriculture with plow]).

Subsistence strategies reflect differential efficiency of energy ex-
traction from the environment based on differences in resource abun-
dance and distribution, technology, and degree of agricultural in-
tensification, all of which may lead to variation in carrying capacity
(Ellen, 1982, 1994; Redding, 1988; Rindos, 1984). We adopted the
subsistence definitions used by Porter and Marlowe (2007). Forager
(hunter-gatherer) populations are those primarily dependent on energy
extracted directly from the natural environment, and thus not reliant
upon plant cultivation, animal husbandry, or products acquired via
trade. Following the definition used by both the SCCS and Porter and
Marlowe (2007), our ‘forager’ designation does not preclude food sto-
rage behaviors. Horticulture is classified as either the practice of
shifting cultivation or the keeping of gardens and/or fruit trees, or as
populations of foragers who are themselves reliant upon trade for >
50% of their subsistence (Porter and Marlowe, 2007). This definition
varies slightly from the more common definition of horticulture as a
mixed strategy of hunting-and-gathering and gardening characterized
by sustained fallow periods (Keegan, 1986). Intensive agriculturalists

! Murdock and White (1969) reported the approximate year of modern eth-
nographic study in Appendix A, which is included here in Table 1. We note that
“modern” is a relative term. Many of the societies in the SCCS were studied in
the mid-nineteenth to mid-twentieth centuries. However, data for some SCCS
societies were drawn from observations conducted centuries ago (e.g. Aztec,
Babylonian, Hebrew, Inca, Khmer, Roman).



A.J. Cunningham, et al.

may irrigate, use plows, and tend to exercise direct control over the
reproduction of domesticated plants (Murdock and White, 1969; Porter
and Marlowe, 2007). Finally, pastoralists consume domesticated animal
byproducts such as meat, milk, and blood, and frequently also trade for
starch-rich plant products (Murdock and White, 1969; Porter and
Marlowe, 2007).

For information on biome classifications, we sourced data sets on
world ecoregions from The Nature Conservancy, including the Marine
Ecoregions Of the World (MEOW) (Conservancy, 2012; Spalding et al.,
2007), and the Terrestrial Ecoregions Of the World (TEOW) (The
Nature Conservancy, 2009). NPP data (MOD17A3 algorithm) from
NASA's MODIS Satellite (Running et al., 2015) were obtained from
Numerical Terra Dynamic Simulation Group at the University of Mon-
tana (http://www.ntsg.umt.edu/project/mod17).

2.2. Derived variable calculations

We calculated average maximum (NPP,,,,) and mean (NPPycap)
NPP within 15km and 120km radii of each society's latitude and
longitude coordinates, using NPP data averaged over a 15 year period
(2000-2014). As NASA reports NPP as the g C/m?/year for 1km? areas,
NPP,,,.x and NPP,,.., represent two different ways of summarizing an-
nual productivity over a populations' habitat. We sampled NPP using
radii rather than square grids, as radii provide a better approximation
than grids to the central-place foraging patterns of pre-industrial human
societies (Binford, 1980; Kelly, 2013; Orians and Pearson, 1979).
Shortest Euclidean distance from each society to a marine ecoregion
(DME) was calculated from GIS shapefiles of MEOW.

The SCCS “Population Density” variable (v64) is reported in an
ordinal, discretized form on a statute mile basis, though the denomi-
nator at low density is not constant, and several PD levels are poten-
tially overlapping. This inconsistency led us to reduce the original po-
pulation density categories from seven to three levels, representing a
more easily comparable ordinal ranking: low (< 1 person/sq. mile),
medium (= 1 & < 25 people/sq. mile), or high (= 25 people/sq.
mile). We opted for three levels in part because it was not feasible to fit
a model with 186 observations to a categorical response variable with
seven levels. Furthermore, population densities of low, medium, and
high are much more intuitive, particularly when comparing across four
subsistence types and habitat productivity gradients.

The SCCS societal mobility variable “Fixity of Settlement” (v61) was
re-coded into a binary “permanent” (which retained the SCCS
“Permanent” bin, n = 102) versus “impermanent” (collapsing the ad-
ditional five SCCS non-“Permanent” levels, n = 84) indicator variable
(MOBILE). The SCCS “Principal Subsistence Category” variable (v820)
was used to generate a binary “fishing” versus “non-fishing” indicator
variable (FISH). We singled out fishing as the sole subsistence indicator
variable because our primary environmental quality indicator, terres-
trial NPP, is inherently blind to non-terrestrial sources of food pro-
duction such as fish. We also adjusted latitude and/or longitude for 28
societies, correcting erroneous values from the SCCS. Four separate
issues necessitated these adjustments: 1) some societies were reported
with only approximate spatial locations; 2) for island or coastal
dwelling societies small errors in spatial location placed society cen-
troids in a marine environment; 3) obvious erroneous entries (i.e.,
Kenuzi Nubians); and 4) historical factors causing dramatic alteration
of habitat (such as the Aswan Dam Project for Egyptians). The SCCS
data and revised coordinates, as well as all variables and societies used
in our analyses, are available in a Zenodo repository (Worthington and
Cunningham, 2018). Revised Latitude and Longitude coordinates are
denoted by an asterisk (“*”) in the Summary Table 1. The original va-
lues as used by Porter and Marlowe (2007) are available in the Zenodo
repository.
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2.3. Data analysis

Data analyses were conducted for both a combined (warm and cold)
sample of all SCCS societies and a warm subsample, delineated using
the effective temperature (ET) variable. Porter and Marlowe (Porter and
Marlowe, 2007) used a cutoff of ET = 14 for the warm subsample,
which corresponds to approximately 40-45° degrees absolute latitude.
This is suggested to correspond to a difference between higher and
lower densities of underground plant storage organs (such as tubers and
corms) eaten by human foragers: warm areas are expected to have
higher densities (Marlowe, 2005). All analyses and results presented in
the main text use the combined (warm and cold) sample. Contrasts
between the combined and warm subsamples are presented in the
Supplementary Information (Fig. SI 2a and 2b).

2.3.1. Objective 1

To evaluate the MHH, we tested whether subsistence types differ
based on the average mean and max NPP of the habitats they occupy.
We used general linear models (GLMs) to predict average NPP,,, and
NPP,,ean for each subsistence type (Fig. 2). NPP,,., is our primary focus,
though comparisons of NPP,,,,x and NPP,,...,, are presented in Fig. 2 and
Fig. SI 2b. All NPP values are reported in units of grams Carbon/m?/
year (g C/m?/year). Six environmental variables were used as ex-
planatory variables in models: mean annual precipitation (MAP), ef-
fective temperature (ET), absolute latitude (AbLat), distance to marine
ecoregion (DME), binary degree of mobility (MOBILE), and binary re-
liance on fished resources for protein in diet (FISH). In addition, we
used GLMs to estimate average NPP,,. and NPP.., values across
subsistence types for both a combined sample of warm and cold climate
societies (on the basis of ET) and separately for warm climate societies.
In the models, we controlled for MAP, AbLat, DME, MOBILE, and FISH.
Pairwise comparisons of average NPP between subsistence types were
adjusted for family-wise error using the sequential Bonferroni method
(Holm, 1979).

2.3.2. Objective 2

To further explore the relationship between average NPP,,,, and
latitude across subsistence types, we used GLMs to predict average
NPP,,..x as a function of AbLat (Fig. 3). Absolute latitude was used due
to the general decline in solar radiation with increasing distance from
the equator, and the associated expected decline in NPP with increasing
latitude. Given the SCCS bias towards populations in the Northern
Hemisphere (Marlowe, 2005), AbLat allowed for the comparison of
populations based on distance from the equator, and proximity to the
poles independent of North or South. As with Objective la, control
variables were excluded from models in a block if statistically non-
significant (SI Text).

2.3.3. Objective 3

We used ordinal logistic regression models to estimate the prob-
ability of societies having low, medium, or high PD as a function of
NPP,,,.x and NPP,,.., and subsistence type, while controlling for ET,
MAP, AbLat, DME, MOBILE, and FISH. The assumption of proportional
odds was checked graphically by plotting the mean of each predictor
variable versus levels of the response variable and comparing this to the
expected value of the predictor variable for each response value under
the proportional odds assumption.

3. Results

Fig. 1 shows the worldwide distribution of the 186 societies classi-
fied according to occupied biome, subsistence type, and climate. The
distribution of subsistence types within the SCCS is shown in the inset
of Fig. 1. Horticulturalists are the most prevalent (38.7%), followed by
intensive agriculturalists (29.6%), foragers (19.4%), and pastoralists
(12.4%).
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©® Cold climate
® Warm climate

Latitude

¥ Foraging
O Horticulture
A Intensive agriculture
O Pastoralism

A\30%

Longitude

Fig. 1. Pre-industrial societies of the SCCS coded by terrestrial ecosystem.

World map showing terrestrial biotic ecosystems and locations of 186 societies from the SCCS in a Mollweide equal area projection. Societies are grouped by climate
(Warm (ET > 13) and Cold (ET < 13)) and subsistence type (Foraging, Horticulture, Intensive Agriculture, and Pastoralism). Inset pie chart indicates the re-
presentation (%) of societies in each subsistence type. Map polygons sourced from NASA shape files (https://github.com/nasa/World-Wind-Java/tree/master/
WorldWind/testData/shapefiles) with terrestrial biotic ecosystem polygons from The Nature Conservancy shape files (http://maps.tnc.org/gis_data.html).

3.1. Objective 1 — variation in NPP (by subsistence type) 95% CI: 85-624, p < 0.0022; Fig. 2). We found no evidence that
average NPP,,,, differed among foragers, intensive agriculturalists, and
In a final GLM accounting for environmental variables (SI text), horticulturalists (mean difference < 138, 95% CI: —70, 346, p = 0.24;
with subsistence modes in four separate categories, we found that Fig. 2B). Neither of these results changed substantively when we
pastoralists occupied habitats of significantly lower average NPP, ., lumped farming types into combinations of two or three types (Fig. 2C),
than any other subsistence type (mean difference > 354 g C/m?/year, when we used NPP,,, rather than NPP,,.,, when we used a 120 km
Foragingq - NPP 1 L PR e ®----:
. == max A
Agriculture - — [ES0 —— --0-
Foraging - _._""'.'"'
Agriculture - —_— - B
Pastoralism ."""."""
Foraging - _._""'.'"'
Horticulture —_— ®---
C
Intensive agriculture S \— - @---
Pastoralism v e @——— ®------

200 300 400 500 600 700 800 900 1000 1100

NPP 15 km radius (g C/m?/year)

Fig. 2. Predicted NPP,,,, and NPP,,.,, by subsistence type. 15km radius. Warm and cold climate societies are combined. Error bars represent 95% confidence
intervals. Panels represent: (A) binary, (B) ternary, and (C) quaternary subsistence classifications.
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Fig. 3. Predicted NPP,,,, versus absolute latitude by
subsistence type. 15km radius. Lines and error rib-
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bons represent point and 95% confidence interval
predictions from a general linear model, respec-
tively. Points correspond to observed NPP,,,, and PD
as reported in the SCCS and are colored by PD.
Latitudinal distribution covers only the observed
range of each subsistence type.

Intensive agriculture
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radius rather than a 15 km radius (SI Text, Fig. S1), or when we divided
societies by warm only and combined climates (Figs. S2a-S2b).

3.2. Objective 2 — variation in NPP (by subsistence type) across latitude

To assess the relationship between average NPP,,, and latitude, we
used GLMs to predict average NPP,., as a function of AbLat (Fig. 3).
Foragers and pastoralists have latitudinal ranges extending up to almost
|70°|, while horticulturalists and intensive agriculturalists have abbre-
viated ranges not extending much beyond |50°| latitude (Fig. 3). In our
final model accounting for environmental variables, NPP,,,, had a po-
sitive relationship with MAP (p = 0.014), with a 10-centimeter increase
in precipitation increasing NPP,,,, by 11.2g C/m?/year on average.
Subsistence modes had different curvilinear relationships between
NPP,,..« and AbLat (test of linear and quadratic AbLat interactions with
subsistence mode, F(3 160y = 3.4, p = 0.020). Foragers and pastoralists
exhibited contrasting concave and convex associations, respectively
(taszy = 2.5, p = 0.012), with foragers displaying a (concave) trend
towards increased NPP,,,, at mid latitudes, and lower relative NPP,.,
at relatively low and especially high latitudes. Pastoralists, by contrast
showed a convex trend, in which they were more likely to occupy ha-
bitats with relatively higher NPP,,,, habitats at low equatorial latitudes.
Horticulturalists also differed from pastoralists (t62) = 2.4, p = 0.019)
in having a slightly concave relationship. We did not find evidence that
intensive agriculturalists differed from the other three subsistence
modes. There was very high variation in NPP at most latitudes, though
the exception to this variation was for high latitude foragers, who had
relatively predictable NPP. None of these results changed when we used
a 120 km radius rather than a 15 km radius (SI Text, Fig. S3).

30 40
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50 60 70

3.3. Objective 3 — probability of subsistence strategies achieving low,
medium, and high PD across NPP,,,, gradients

Finally, we sought to explain how population densities for each
subsistence type were related to NPP,,,. We used an ordinal logistic
regression model to estimate the probability of societies having low
(< 1person/sq. mile), medium (=1 & < 25 people/sq. mile), or high
(=25 people/sq. mile) population density as a function of NPP,,,, and
subsistence type, while controlling for all environmental variables. We
found that the relationship between NPP., and PD differed among
subsistence modes (test of interaction between NPP,,,, and subsistence
mode, likelihood ratio ¥%, = 8.6, p = 0.035). With each 500 g C/m?/
year unit increase in NPPy,, the odds of population density becoming
larger by one unit (from low to medium or from medium to high)
changed by 193% (95% CI: 91%, 349%) for foragers, —36% (95% CI:
—6%, —56%) for horticulturalists, 40% (95% CI: —6%, 111%) for
intensive agriculturalists, and 156% (95% CI: 33%, 393%) for pastor-
alists. Horticulturalists (Fig. 4, second row from top) were the only
subsistence type to exhibit a decreased probability of achieving high PD
at high NPP,.,, though they also had a low probability of having low
PD at low NPP,,,. Results were not markedly affected by our using a
120 km radius rather than a 15 km radius (SI Text, Fig. S4). In summary
of Objective 3, we found that as NPP,,,,, increased, the probability that
population density would increase varied among subsistence types.
Foragers and pastoralists had the most predictably positive relationship
between population density and NPP. The NPP-PD relationships for
horticulturalists and intensive agriculturalists were much less dramatic,
as evidenced by their more modest odds ratios.
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Fig. 4. Probability of population density level as predicted by NPP,,,.«, by subsistence type. 15 km radius. Rows correspond to subsistence type. Columns correspond

to levels of PD.

4. Discussion

We sought to understand how the association between habitat net
primary productivity (NPP) and population density (PD) varied for four
subsistence types practiced by pre-industrial human societies. Our first
goal (Objective 1) was to thoroughly assess the marginal habitat hy-
pothesis (MHH). The MHH suggests that ethnographic foragers occu-
pied low productivity habitats because agriculturalists would have
possessed the social power and technology to exclude foragers from
high productivity habitats (Marlowe, 2005; Porter and Marlowe, 2007).
Contrary to the predictions of the MHH, Porter and Marlowe (2007)
found that the foraging populations (n = 36, Mean NPP = 600 + 431)
represented in the SCCS did not live in significantly worse habitats than
agriculturalists (n = 150, Mean NPP = 737 = 455), based on their
comparison of Mean NPP. They concluded by rejecting the MHH and
stating that the ethnographic record, while not perfect, does not pro-
vide a biased picture of forager subsistence and social organization
based on a history of interaction with agriculturalists.

The necessary caveats to our updated and more detailed analysis are
the same as in Porter and Marlowe's (2007). The modern environmental
data are not contemporaneous with ethnographic data, and subsequent
changes in land use practices may have radically altered landscapes
between these periods of data collection. Nevertheless, this point is not
likely to introduce any systematic bias given that shifts in land usage
patterns are no more likely for populations of one subsistence type than
another (Porter and Marlowe, 2007). Furthermore, our use of both
NPP,,,.x and larger 120 km radius projections allowed for an estimation
of maximal regional productivity (relative to NPPy,e., and 15 km radii).
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Yet, these parameters failed to produce significantly different results
than the smaller average models. These points suggest that there is no
evidence of systematic bias between subsistence types with regards to
changing land use patterns.

We also sought to check Porter and Marlowe's (2007) conclusions by
considering a wider variety of variables in our analyses. We adopted
more realistic circular projections of habitat use (representing both
logistical and residential geographic areas at 15 km and 120 km radii),
increased MODIS NPP data from 5 to 15 years, and conducted analyses
based on both NPP,,.,, and NPP.,. Despite these methodological
modifications which were intended to account for the ability of human
populations to bias their subsistence activities to the most productive
areas of their habitat and range, our findings are similar to those of
Porter and Marlowe (2007). Foragers, intensive agriculturalists, and
horticulturalists did not occupy habitats of significantly different
quality, whereas pastoralists occupied the lowest quality habitats. This
analysis appears to confirm that the available evidence does not support
the MHH.

Porter and Marlowe (2007) suggested that the MHH may derive in
part from the prominence in the literature of deserts occupied by so-
cieties such as the!Kung in southern Africa (in a hot desert) or the Inuit
in the Arctic (a cold desert), populations inhabiting both productivity
and latitudinal extremes. It is worth noting that the SCCS is biased
towards populations in the Northern Hemisphere (Marlowe, 2005),
with 132 Northern SCCS societies compared to only 54 in the South
(although 57 societies are situated within 10° North or South of the
equator). Previous work attempted to control for latitudinal effects
using effective temperature (ET) (Marlowe, 2005; Porter and Marlowe,



A.J. Cunningham, et al.

2007).

To improve upon these efforts, our second goal (Objective 2) was to
assess human population distribution using explanatory models that
account for the effects of latitude and other key covariates on the global
pattern of subsistence occupation. In particular, we sought to model the
distribution of pre-industrial human settlement as a function of NPP .
and absolute latitude. The results for Objective 2 were similar to those
of Objective 1. Our results accordingly lend credence to the claim of
Porter and Marlowe (2007) that the prominence of certain societies in
the anthropological literature may have contributed to a false im-
pression of typical hunter-gatherer habitats. For example, the!Kung (for
whom NPP,,,, was measured at 415.5 g C/m?/year) are often cited as
an example of a hunter-gatherer society occupying low quality habitat.
In our model, the NPP,,, value for the!Kung was roughly one third of
the predicted value for a forager at AbLat ~20°, falling as an extreme
outlier to the 95% confidence interval (Fig. 3, upper left panel at 20°
latitude). The!Kung society's occupation of a low productivity habitat at
low latitude is thus unusual compared to other foragers in the SCCS.

Our third goal (Objective 3) was to assess and quantify the NPP-PD
relationship across subsistence types in order to test our hypothesis that
subsistence type moderates the NPP-PD relationship. We hypothesized
that variation in PD derives from differences in the extractive efficiency
of technologies and domesticates across subsistence types; therefore,
including data on PD with environmental variables would provide a
more complete picture of ‘habitat quality’ for pre-industrial humans
than would either NPP,,co, or NPP,,,, alone. We acknowledge that the
inter-relationships among environment, technology, and population
density are complex (Boserup, 1976), and that numerous mechanisms
may be involved in translating environmental energy to PD. For ex-
ample, disparities in fecundity, mortality, food production and security
among subsistence types may all contribute to the divergent population
demographic trends. Regardless of the exact mechanism, subsistence
types represent cohesive cultural packages with respect to modes of
food acquisition, processing, and storage (Ellen, 1982).

To test our hypothesis we modeled the probability of achieving low,
medium, or high PD for each subsistence type, across the full range of
the observed NPP,,., gradient (Fig. 4). We assessed the within-sub-
sistence type ordinal PD shift from low to medium, and medium to high,
as a function of NPP,,,,. In particular, we address historical claims of
marginality. If the NPP-PD relationship varies with subsistence type,
this would indicate that ‘marginality’ is not a useful comparative term.
As our findings below indicate, subsistence modes do in fact show un-
ique NPP-PD relationships. We now briefly address the findings re-
garding each subsistence type.

4.1. Foragers

As we expected, NPP was a reasonably good predictor of habitat
quality for ethnographic foragers, as PD in foraging societies appeared
to be environmentally constrained (Fig. 4, top row). The positive as-
sociation between NPP and PD suggests that habitat quality (as in-
dicated by NPP) may indeed be a meaningful tool to assess the merits of
the MHH, at least for foragers. Foragers at low NPP, ., had a high
probability of having low PD. In fact, foragers in habitats with
NPP,.., < 1000 (g C/m?/year) had a ~75% chance of having low PD
(Fig. 4, top left panel). At this productivity threshold (NPP,,,x = 1000 g
C/m?/year) foragers had a ~20% probability of having medium PD
(Fig. 4, top middle panel). In the most productive habitats, foragers still
only had a 50% probability of having medium PD, and a > 25%
probability of still only having low PD. Though foragers maintained a
relatively low probability of achieving even medium PD even in habi-
tats with medium to high productivity, they did display a strong posi-
tive relationship between NPP and PD overall, across their entire range
of NPP habitats. Unlike the other three subsistence types, foragers did
not appear capable of achieving medium or high PD at low NPP,,,.

High PD was achieved only among the Twana of the Pacific NW,
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who occupied the fifth most productive foraging habitat on the basis of
NPP,,.x. These complex hunter-gatherers were able to achieve greater
PD than other foragers due to their specialization on aquatic resources
(anadromous fish) (Ames, 1994; Schalk, 1977). While the Twana were
classified as high PD in our ordinal rankings, it should be noted that
their PD as reported in the SCCS (26-100 persons/sq. mile) was much
less than the PD (101-500 persons/sq. mile; > 500 persons/sq. mile)
achieved by some non-foraging societies, though all three population
density levels were binned as high PD within our model. Exploitation of
abundant marine resources is the main hunting and gathering strategy
in high-latitude low-NPP regions, as shown by the SCCS. Thus 13
foraging societies live at a latitude > 50°, of which 11 relied on fished
resources. The two exceptions — the Slave and Montagnais foragers —
were heavily dependent on seasonally abundant large game such as
moose in the seasonal boreal and taiga forests of Canada.

4.2. Non-foragers

Unlike foragers, farmers in low productivity environments were
capable of supporting medium and high PD. If farmers and foragers can
maintain different PD in the same habitat, and PD is in fact an adequate
measure of demographic success, then the concept of ‘marginality’ re-
quires further context to explain this pattern. Intensive agriculturalists
(Fig. 4, third row from top) and pastoralists (Fig. 4, bottom row) de-
monstrated an overall positive NPP-PD association, like that of foragers.
However, unlike foragers, these subsistence types were capable of
maintaining medium and high PD even in habitats with low pro-
ductivity. For intensive agriculturalists, the probability of a society
having low PD never exceeded 25%, despite the fact that these popu-
lations frequently occupied low NPP,,., habitats, indicating that low
NPP,,,.x habitats can be successfully inhabited with technological in-
tensification. Pastoralists had a relatively high probability (~50%) of
supporting low PD in low NPP,,,, compared to intensive agricultural-
ists, whereas foragers maintained a probability of 75% or higher of
supporting low PD in such habitats. This is because pastoralists were
much more likely than foragers to have medium PD even in low pro-
ductivity habitats, at a rate approaching that of intensive agricultural-
ists.

Horticulturalists (Fig. 4, second row from top) appeared to face
fundamental geographic constraints, occupying the narrowest latitu-
dinal range of all subsistence types (from 0 to 45° absolute latitude). In
high NPP, .., habitats horticulturalists demonstrated a negative NPP-PD
relationship, the only instance of a negative trend across all subsistence
types. Tropical environments with short and predictable dry seasons are
best suited for swidden agriculture, and swiddening techniques are
implausible in temperate environments and grasslands (Ellen, 1982).
Swiddening in humid rainforests generates high rates of nutrient
draining that increase the fallow period and group dispersion (Ellen,
1982), thus limiting PD. Horticulturalists thus exhibit indirect support
for the idea that rainforest habitats may actually be food-limited human
habitats, despite their uniquely high levels of productivity (Bailey and
Headland, 1991; Hart and Hart, 1986; Headland and Bailey, 1991).

4.3. Revisiting the MHH

The fundamental question surrounding the MHH is whether modern
foragers bias our picture of the hunting and gathering lifeway during
the Pleistocene, because, as Porter and Marlowe (2007) suggested, “pre-
Holocene foragers living in more productive habitats may have had a
considerably higher population density, resulting in different social
organization” (p. 59).

In light of our findings, we can revisit what we mean by low-quality
habitats for foragers. It is clear that tundra/taiga/polar habitats at high
latitudes represent low-quality environments, and these habitats were
exclusively occupied and exploited by foragers and pastoralists. Arid
deserts also represent a low productivity environment, and yet non-
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foragers in these habitats were still capable of achieving relatively high
PD. To a lesser extent, tropical rainforests (occupied principally by
horticulturalists and foragers) may also represent low quality (on the
basis of NPP-PD dynamics) habitats. While foragers do occupy these
habitats, there is also no doubt that they would have occupied other
habitats in the past. High-productivity riverine, lacustrine, deltaic, and
flood plain aquatic habitats (i.e., Amazon, Ganges, Mississippi, Nile,
and Yangtze Rivers) remain underrepresented in any analysis based on
societies of the SCCS because these habitats have long been occupied by
post-industrial societies. Foragers are similarly absent from South
Africa's Cape Floral Region in the SCCS, a productive marine habitat
proposed to have played a significant role as a refugia during a critical
climatic period in the evolution of Homo sapiens (Marean, 2010, 2011).

Could Pleistocene African foragers have frequently achieved higher
PD in higher quality habitats?

Among ethnographic foragers, achieving high PD is associated with
an exceptional circumstance owing to geography: reliance on marine
food sources. Foragers only achieved medium or high PD on seven
occasions (out of a total 36 foraging societies), and six of these seven
populations relied upon fished resources (the Eastern Pomo the lone
exception). In tropical Pleistocene Africa, such high PD would have
been unlikely, as marine productivity (unlike terrestrial NPP) increases
with latitude (Huston and Wolverton, 2009), and African hunter-gath-
erers living in intact terrestrial ecosystems did not achieve higher PD
levels. Furthermore, foragers at low and mid latitudes were largely
absent from low NPP,,,, habitats. Thus, if high PD was achieved among
Pleistocene foragers, it may have been achieved in a fundamentally
different manner from modern foragers.

5. Conclusion

Consistent with a previous study (Porter and Marlowe, 2007), we
did not find quantitative support for the MHH, as the habitats of eth-
nographic foragers did not evince consistently low NPP. The limitations
of the ethnographic record, including the possibility that some non-
foraging pre-industrial societies were also forced out of higher quality
habitats, precludes a more definitive test of the MHH. Even by the
earliest days of ethnographic observation, post-industrialized societies
had left their mark on the distribution of smaller scale societies. Yet one
distinctive ecological feature of foragers is that their population den-
sities were better predicted by NPP than were non-foragers, especially
within low productivity habitats. We suggest the tendency of foragers
living in low-NPP habitats to have low PD may have contributed to the
widespread perception that forager habitats are marginal.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jasrep.2019.05.028.
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