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a b s t r a c t

Analyzing how humans interacted with (and within) their greater ecosystems facilitates a more nuanced
understanding of past lifeways. In this aim, we use food web modeling to reconstruct the biotic envi-
ronment of Ancestral Pueblo people living in the central Mesa Verde region between A.D. 750 and A.D.
1300. This framework enables an investigation into the effects of species introductions and removals by
linking humans to the species they consumed. We combine a diachronic examination of multiple
archaeological assemblages with a database of every modern non-invasive species and their feeding links
in a 4,600 square kilometer area of southwestern Colorado. Although human omnivory provided some
flexibility, high population density likely curtailed the ability to prey switch. Ultimately, these factors
combined to decrease the resilience of Ancestral Pueblo people to environmental changes.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the social and economic circumstances of
archaeological societies requires detailed and comprehensive rep-
resentations of the ecosystems they lived in. Accurate re-
constructions of past environments are therefore critical for
examining the foundation upon which social and political
complexity developed. Recent advances in paleoclimate modeling,
for example, have enabled a more nuanced understanding of the
mesic-to-xeric cycles that became the backdrop for Ancestral
Pueblo economics (Bocinsky et al., 2016). Yet even with these ad-
vances, there remain open questions regarding the lives of
archaeological populations and how they interacted with (and
within) their environments.

In this paper we present a new tool for archaeological ana-
lysisdfood web modelingddemonstrating how a network
approach can help archaeologists understand ancient ecosystems
and how humans interacted within them. Food webs study the
network of consumer/resource interactions within a defined

environment, examining the flows of biomass among the network
of species (Williams et al., 2002).1 Traditional zooarchaeological
studies make up the backbone of the research presented here, yet
the food web approaches we apply allow for more nuanced studies
of the entire biotic environment. For example, foodweb approaches
are the only means to analyze the effects of species removals and
introductions on the other species and links in the web (Fritts et al.,
1998). By studying the network topology of food webs, it is possible
to identify important structural properties that promote stability or
increase vulnerability of the web (Tecchio et al., 2013), e.g.,
keystone species can be detected through centrality measures,
helping to identify those species that were central to prehistoric
ecosystem functioning (Dunne et al., 2016).

To illustrate the utility of food web approaches we build on
longstanding studies of Four Corners area archaeology, such as
those finding that deer depletion forced Ancestral Pueblo people to
rely on other protein sources (Badenhorst and Driver, 2009;
Bocinsky et al., 2012; Cowan et al., 2012; Schollmeyer and Driver,
2012). We complete structural analyses on these food webs
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examining the underlying organization and stability of the Four
Corners biotic environment, focusing on how human farming and
hunting choices modified that structure. We additionally explore
how network dynamics change over time through network ana-
lyses, and examine effects of species loss via node knockout sim-
ulations. This complete terrestrial study adds to a growing body of
human food web studies, which will enable comparison of envi-
ronments worldwide (Dunne et al., 2016; Lotze et al., 2011;
Maschner et al., 2009; Yeakel et al., 2014).

1.1. Case study

The area used in this study is in the central Mesa Verde region
and the Village Ecodynamics Project's (VEP) northern study area
(Fig. 1). The 4600-sq-km northern VEP study area supports seven
biotic communitiesdsagebrush, grasslands, pinyon-juniper
woodland, Gambel oak scrubland, pine/Douglas fir forest, spruce/
fir forest, and alpine tundra (Adams and Petersen, 1999, p. 15)dand
includes the “Great Sage Plain” (Newberry, 1876), parts of Canyons
of the Ancients National Monument, and the Mesa Verde landform
(Fig. 1). This diverse ecological zone encompasses some of the most
densely populated areas of the Ancestral Pueblo occupation (Hill
et al., 2010; Schwindt et al., 2016).

We focus our study on maize farmers living during the Pueblo I
(PI, A.D. 750e900), Pueblo II (PII, A.D. 900e1150), and Pueblo III
times (PIII, A.D. 1150e1300, Table 1). These farmers supplemented
their calories by hunting deer, rabbits, and later by domesticating
turkey. Briefly, PI times are marked first by population growth
indicative of a Neolithic Demographic Transition (Kohler and Reese,
2014) followed by population decline at the end of the PI period.

High rates of local population growth recommenced during the
mid-PII period (Schwindt et al., 2016), ultimately reaching about
27,000 people in the mid-A.D. 1200s (the finale of PIII), a level more
than twice that reached during the PI peak. During the history of
occupation of this area, people moved from dispersed hamlets to
relatively dense villages (Crabtree, 2015). The density of habitation
combined with the high level of population would have had dra-
matic effects on the environment, including clearing vegetation for
habitations and fields, burning vegetation to increase hunting op-
portunities, and hunting large quantities of animals to feed the
growing population.

In this study we pay particular attention to environmental
changes due to farming and effects of environmental change on
farmers, since 70e80% of the diets of Ancestral Pueblo people was
composed of maize (Coltrain and Janetski, 2013; Decker and
Tieszen, 1989; Matson, 2016). Many of the known effects that
Ancestral Pueblo people had on the environment, such as defor-
estation and erosion, are directly related to clearing native vege-
tation for fields for farming maize (Kohler, 2004) and can be
examined under the lens of niche construction theory (Laland and
O'Brien, 2010; Smith, 2011). This process of environmental modi-
fication (in this case for the benefit of humans) may be deliberate
choices to change the environment, or the result of unintended
consequences from human actions (Smith, 2011, p. 836). Our
research interacts importantly with niche construction theory, in
that we are studying farming populations who quite clearly con-
structed their own niches via maize farming, yet shifts the focus
from the effects of niche construction on domesticates to the effects
onwild resources. We also demonstrate that the niche construction
by Ancestral Pueblo people had unintended consequences, such as

Fig. 1. Central Mesa Verde area; box denotes study area used for this research. Sites used for analyses in this paper (Grass Mesa Pueblo, Albert Porter Pueblo, and Sand Canyon
Pueblo) represented by circles. Figure courtesy of R. Kyle Bocinsky.

S.A. Crabtree et al. / Journal of Archaeological Science xxx (2017) 1e122

Please cite this article in press as: Crabtree, S.A., et al., Reconstructing Ancestral Pueblo food webs in the southwestern United States, Journal of
Archaeological Science (2017), http://dx.doi.org/10.1016/j.jas.2017.03.005



influencing a transition to a more open and less wooded landscape.
Plant species were not the only species to be affected by human

arrival. While Ancestral Pueblo people depended on rabbit and hare
for protein after deer depression, they also domesticated turkey,
feeding them from their maize storage (Rawlings and Driver, 2010).
Keeping turkeys thus caused Ancestral Pueblo people to clear more
land, creating a more open landscape. The other faunal domesticate
of Ancestral Pueblo people were canids which likely chased out
many other species, influencing the presence of certain pest species
around habitations. While domesticated dogs have been present in
the Americas since Paleoindian times, their presence in Ancestral
Pueblo settlements should not be ignored. The combination of field
clearing (which would remove trees as well as other native flora
and drive out pest species, preferred prey, and large predators) with
the introduction of domesticated turkey (which would intensify
field clearing for more maize gardens), and the presence of the
domesticated dog (which hunted locally) likely created zones of
habitationwith a composition of flora and fauna different from that
which would occur naturally, either causing crowding of native
species that would be scared by human presence to the periphery
as suggested by Urban (2015), or, as suggested by Adams and
Bowyer (2002), attracting those species that live more readily in
disturbed habitats, or likely a combination of these factors.

The story of Ancestral Pueblo people unfolds on a changing
landscape with occasional severe droughts that are independent of
human actions (Bocinsky and Kohler, 2014). Human actions made
some of these conditions worse (e.g. erosion) and enhanced the
presence of some species on the landscape (e.g. turkey, maize).
Below we introduce important concepts for studying food webs
before discussing our results.

1.2. Food web background

Food web studies examine species interactions in a defined
environment by mapping the network of consumer-resource re-
lationships among represented species. Computational approaches
to studying these trophic relationships enable the use of large
datasets to investigate individual inter-species interactions and
how changing interactions can cause cascading system-wide
changes. Understanding how species losses affect food webs
(Dunne et al., 2002a; Srinivasan et al., 2007), identifying com-
monalities among food web structures (Dunne et al., 2002b;
Stouffer et al., 2005; Williams et al., 2002), and determining how
individual species interactions cascade across trophic levels
(Micheli et al., 2005; Wallach et al., 2017) has advanced our un-
derstanding of complex ecosystem structures and dynamics. Un-
derstanding the distribution of links in the web can have important
ramifications for understanding extinction events (since redun-
dancy of species makes webs more stable, Yeakel et al., 2014), the
vulnerability or resilience of the overall food web, and for under-
standing how invasive species will link in with the web (Dunne
et al., 2002b; Romanuk et al., 2009; Smith-Ramesh et al., 2017).

Within a food web, trophic level is calculated based on how

organisms of that species obtain energy and carbon, with basal
level species generating biomass from inorganic materials (i.e.,
plants photosynthesize). Trophic level itself “indicates the number
of times chemical energy is transformed from a consumer's diet
into a consumer's biomass along the food chains that lead to the
species” (Williams and Martinez, 2004, p. 458). With increasing
trophic level, primary consumers eat primary producers, secondary
consumers eat primary producers and primary consumers, and so
forth up to apex predators, which consume prey residing at high
trophic levels (see Bonhommeau et al., 2013). By tallying the
complete set of species historically eaten and used by humans, and
then connecting those species to other species they consumed (and
are consumed by) we can evaluate human resilience to environ-
mental fluctuations. Using trophic webs constructed from distinct
time periods, we can identify species introductions and local ex-
tinctions through time and calculate their effects on food web
properties, thereby better understanding how humans were
interconnected to the greater biotic environment and how these
connections evolved and fluctuated through time.

2. Materials and methods

Our analyses are completed within the boundary corresponding
to the VEPII study area (Fig.1). Within the project areawe identified
all modern non-invasive species that are listed as common for this
region. These were compiled into a master species list
(Supplemental Table 1). Complete species lists were assembled
from trusted online field guides to ensure that future users could
easily access background information on species. Avian data was
compiled from the Cornell Lab of Ornithology, amphibian and
reptile data from the Field Guide to Reptiles of Arizona and
mammal data from the University of Michigan Museum of Zoology.
While there are important differences between the modern
ecosystem and the ecosystem of prehistory, many common fea-
tures, such as the prevalence of pi~non/juniper woodland and large
expanses of sage, suggest that the prehistoric biotic environment
would be roughly parallel to the modern environment. Thus we
completed our full biotic environmental reconstruction with
modern data suggesting that Ancestral Pueblo people were likely to
come into contact with each of those species. To supplement these
data we compiled data from three archaeological assemblages, one
assemblage per period from a well-excavated site representing the
largest villages from each time period. In many cases we added
species to the master species list that were present archaeologically
but not listed as common in the modern field guides.

While some studies collapse identified species to functional
categories (e.g., all humming birds are functionally the same-
davian pollinatorsdso would be recorded as one node) our web
identifies taxa as individuals whenever possible. (The exception is
invertebrates, see below.) This redundancy in functionality of spe-
cies may have important implications for the stability of the
ecosystem (Yeakel et al., 2014), so we coded each individual taxon
to enable high degrees of realism in the reconstruction.

Table 1
Periods and Sites examined here.

Years A.D. Cultural Period Description

Prehistory to 500 Paleoindian/Archaic/Basketmaker II No sites in this study
600 to 750 Basketmaker III No sites in this study
750 to 900 Pueblo I Grass Mesa Pueblo
900 to 1150 Pueblo II Albert Porter Pueblo
1150 to 1300 Pueblo III Sand Canyon Pueblo
1300 to 1500 Pueblo IV No sites in this study
A.D. 1500 to present Colonial period Modern data used to understand species composition
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Invertebrate data, however, is not currently resolved at the
species level due to lack of publishedmaterials on the invertebrates
of southwestern Colorado. Many invertebrates in the region are
known (e.g., tarantula), but the resolution of invertebrate identifi-
cation in this region is uneven, potentially leaving out hundreds of
important species. Consequently, vertebrate and plant data are
resolved to the species level, but invertebrates are aggregated at the
order level of classification. Future research hopes to resolve this to
enable a more accurate representation of all species in the Four
Corners region.

Each taxon (species for vertebrates and plants, order for in-
vertebrates) is numbered from 1 to n in a matrix. Data on con-
sumption patterns was compiled in the database as presence/
absence for each taxon, similar to Dunne et al. (2016).2 To create the
overall food webwe include all biota that were characterized in the
matrix and all of their feeding links. This gives us the inferred
species that humans would have interacted with throughout the
Four Corners area during its 700-year occupation. These taxa are
then the nodes in the food webs, while the edges or links are the
consumption ties between two nodes.

The PI, PII, and PIII food webs were created by beginning with
the archaeological assemblage. First we created a matrix of all
human prey, (e.g., humans/ deer) and human predators (e.g.,
wolves/ humans) corresponding to their temporal assignment.
Then the prey species of the primary prey of humans were added to
the matrix (humans/ deer / herbaceous grasses). Predators of
the primary prey species of humans were also added to the matrix
(wolves/ deer). Thus these webs represent those species that
would be directly affected by human intervention (e.g., humans
overhunt deer, grasses increase, and wolf populations decrease).
This means many nodes will be represented, but not all links might
be represented.

Finally, the node knockout simulations use the primary prey of
humans by substituting in only those species that made up high
percentages of the archaeological assemblages for that time; e.g., in
Sand Canyon Pueblo cottontail make up 22% of the total assemblage
(or 1/3 of the identifiable remains) so it is included in these ana-
lyses for its importance. Those species that were not weighted
highly in the middens are not included in the nodal knockout webs
(e.g, one instance of Yucca baccata was identified in the flotation
samples for Sand Canyon Pueblo, so it was not included in the node
knockout simulations as a primary resource for humans during PIII
times).

We focus our network analyses on five metrics. First, we
examine the trophic level of humans. Here we use the metric short-
weighted trophic level developed by Williams and Martinez (2004).
This measure of trophic level (TL) is the preferred method when
strength of links between consumer and resource species cannot be
calculated (Williams and Martinez, 2004, p. 464). Short weighted
trophic level “is the mean between shortest TL and prey-averaged
TL” and tends to be a more precise measure than the standard
prey-averaged trophic level alone (Williams and Martinez, 2004, p.
464).

We additionally calculated the vulnerability of a species to
predation, their generality as a consumer, and the mean shortest

path length of the web. Vulnerability measures the fraction of
predators from the web that consume a prey species (Havens, 1993,
p. 117) while generality is calculated as the fraction of the species
within the food web that a species feeds on (Dunne et al., 2016, p.
5). Path length is the measure of how many links it takes, on
average, for a species to connect to all other nodes in the network
and thus is a gauge of how quickly effects can propagate throughout
the food web (Dunne et al., 2016, p. 2). Finally, we examine the
clustering coefficient of a node to examine how high mutual pre-
dation is within subsets of the network. Low clustering coefficients
are beneficial for focal species since they indicate independence of
prey. Each of these metrics adds to a better understanding of how
the food web functions, and what effects the addition of new
species, as well as the local extinction of species, has on the func-
tioning of the ecosystem.

The analyses were completed using the open source package
Network3D, designed specifically for food web analyses (Williams,
2010; Yoon et al., 2004).

3. Results

3.1. Dynamic food webs

The complete trophic data creates the food web in Fig. 2. This
food web contains 334 nodes representing 298 distinct species
(plants and vertebrates) and 36 invertebrate orders. Joining these
334 nodes are 11,344 links representing flows of biomass among
consumers and the resources they consume, creating a highly
interconnected food web. To characterize this composite food web
we calculate metrics focusing on the human niche in the food web
(Table 2).

The food webs display vertical organization (Fig. 2), with node
level corresponding to trophic level; the basal nodes represent
primary producers (plants, trophic level 1), with each successive
level representing an increase in trophic level, with the highest
level displaying a value of approximately 5. Vertices attenuate
down the trophic leveldthey are thicker at the consumer end and
thinner at the resource end. Loops indicate cannibalism. Humans
have a short weighted trophic level of 2.52, placing them at the
122nd highest trophic position out of 334 nodes, but with a trophic
level aligning them with omnivores that consume more plant
species than animal.

The vulnerability of a species to predation (Table 3), and their
generality as a consumer can also be calculated from food web
approaches (Lotze et al., 2011). Low vulnerability scoresmean that a
species is not preyed upon by many species, while low generality
scores suggest that a species is highly vulnerable to the loss of its
prey due to environmental change; e.g., pandas consume mostly
bamboo, suggesting that a loss of this resource would influence
panda extinction. Humans in the composite web have a low
vulnerability score (0.264) showing that few predators in the full
web use them as a resource (Table 2). The generality of humans in
the composite web is high at 3.71, indicating that they are con-
nected to multiple species within the web (high omnivory). For
comparison, the black-billed magpie and common raven, both
carrion eaters, are the most general species, with humans as the
27th most general species. These results are additionally reported
in Fig. 3.

Humans' primary prey exhibit high predation vulnerability
(Table 3). With a score of 2.27, maize is the most vulnerable plant to
predation,3 with many studies of vertebrate species mentioning

2 While strength of interaction can be compiled for the human web (due to using
the percentage of species in a midden) it becomes increasingly difficult with other
species. Large mammals are well studied (such as elk or deer), but smaller species
(such as voles and shrews, or invertebrates) are much less studied, so identifying
the percent of the diet that a resource makes up is difficult for all species in the food
web. Other studies have assigned qualitative metrics to weights to address these
issues (e.g., Wallach et al., 2017). Future studies will examine the percent of the diet
resources made up for humans, but for the current research we focus on presence/
absence data as other studies have done.

3 The only nodes more vulnerable than maize are invertebrates, which may be a
reflection of aggregating them at the order level.
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maize as a preferred food source (e.g., Sandhill crane, Supplemental
Table 1). Many of these animals likely plagued the storage and
gardens of Ancestral Pueblo people.

To focus on species most closely connected to humans, Fig. 4
flattens the composite web and shows humans, human prey, and
the prey of humans' primary prey (deer, turkeys, leporids). Here,
line thickness indicates the strength of interaction between
humans and the other nodes.

Other network measures describe the stability or vulnerability
of a species (or the food web as a whole). One of these measures,
the clustering coefficient, examines how connected a node is within
a cliquewhich is “a subset of nodes in a networkwhere every pair of
nodes is connected by an edge” (Collar et al., 2015, p. 19). Under-
standing how connected a clique is has important implications for
the stability of a species; in the clustering coefficient metrics here,

values range from 0 to 1 (Fig. 5). A value of 1 indicates that the node
is completely connected within its clique (each species preys on
every other species in that neighborhood) while a clustering coef-
ficient close to 0 means that the focal node connects to other
species, but those other species do not connect to one another
(Fig. 5).

In Fig. 6 species are sorted along the x-axis by clustering co-
efficients with the least-connected nodes near zero. The highest
clustering coefficients in Fig. 6 correspond to bird and bat spe-
ciesdthese species are in the most connected cliques. Humans, on
the other hand, have a clustering coefficient value of 0.103, meaning
that many of the species they prey upon do not prey upon each
other (Fig. 6).

While a clustering coefficient describes how connect a node is to
its clique, mean shortest path length (MPL) measures how many

Fig. 2. Graph of overall food web. Trophic level on y-axis. Red nodes indicate primary producers, orange primary consumers, yellow-orange omnivores, true-yellow is true car-
nivores. Humans pointed at by arrow. The common poorwill, an insectivore, is represented by the node in upper right-hand corner. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Scores for human trophic level, generality, vulnerability, mean path length and clustering coefficient by food web.

Trophic Web Trophic Level Generality Vulnerability Path Length Clustering Coefficient

Composite 2.521 3.710 0.265 1.741 0.103
Grass Mesa 2.468 2.233 0.264 1.757 0.117
Albert Porter 2.658 1.452 0.267 1.821 0.106
Sand Canyon 2.642 2.496 0.264 1.780 0.126

Table 3
Vulnerability and generality scores of primary prey for humans. White-tailed jackrabbit and snowshoe hare were not originally coded in
the dataset, but were positively identified in an archaeological assemblage. Consequently, their vulnerability score only reflects being
eaten by a few top species (humans, bobcat, cougars) and thus should not be taken as a true vulnerability score for these leporids; this is
denoted via the asterisk.

Species Vulnerability (in direction) Generality (out direction)

Maize 2.27 n/a
Beans 1.21 n/a
Squash 1.21 n/a
Mule deer 0.47 3.39
Desert cottontail 1.15 0.41
Black-tailed jackrabbit 1.21 1.53
White-tailed jackrabbit 0.12* 1.68
Snowshoe hare 0.12* 1.68
Nuttall's cottontail 1.15 1.68
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steps, on average, a node is to every other node in the network and
thus shows how connected that node is within the food web as a
whole. An MPL of 1 suggests that the focal species is connected

(either as a consumer or a resource) to every other species within
the network. Increasing values of MPL suggestmore andmore steps
needed to connect the focal species to every other node in the

Fig. 3. Vulnerability (in-degree) for overall food web. Humans stay with a measure of 0.26e0.27 through each of the archaeological periods, one of the least vulnerable to predation.
Maize, on the other hand, is a highly vulnerable species due to being a named preferred food of many species in the southwest.

Fig. 4. Primary prey of humans, leporids (cottontail and jackrabbit), deer and turkey taken from composite web. Red nodes are nodes that are connected to humans through
predation. Size of node and thickness of edges approximates importance of species to consumer, with narrow edges being not important, and wide edges being very important.
Maize makes up between 70 and 85 percent of diet. Deer, leporids and turkey each became important in human diet through Pueblo occupation. Primary prey of humans, leporids
(cottontail and jackrabbit), deer and turkey taken from composite web. Red nodes are nodes that are connected to humans through predation. Size of node and thickness of edges
approximates importance of species to humans. Maize makes up between 70 and 85 percent of diet. Deer, leporids and turkey each became important in human diet through Pueblo
occupation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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network. A large MPL would suggest that the overall network is
highly compartmentalized. Here, the species with the lowest MPL
are carrion eaters, such as the common raven (1.097) and the black-
billedmagpie (1.103), which will opportunistically eat most species,
and which are also eaten bymany species (Fig. 7). Humans have the
89th lowest MPL (1.821), while mule deer, with an MPL value of
1.609, are the 34th-most connected species in this analysis; they
both consume and are preyed upon by many species. Each of these
species is highly important to the functioning of the system as a
whole, and the removal of those species will cause a dynamic
rearrangement of the food web.

3.2. The archaeological food webs

We reconstructed trophic webs from three archaeological sites:
Grass Mesa Pueblo (Fig. 8) (PI; Matthews, 1988; Neusius and Gould,
1988), Albert Porter Pueblo (Fig. 9) (PII; Adams, 2015; Badenhorst
and Driver, 2015) and Sand Canyon Pueblo (Fig. 10) (PIII; The
Sand Canyon Pueblo Database, 2004). Grass Mesa Pueblo was one
of the largest villages excavated as part of the Dolores Archaeo-
logical Project (DAP), with a peak population during PI of 47
households. The methods developed for the DAP influenced those
used by Crow Canyon Archaeological Center to excavate the PII and

PIII sites discussed here. This minimizes any differences among
these three assemblages due to sampling or analytical biases (see
Supplementary Information). Albert Porter Pueblo had a peak
population of 20 households during PII times, and Sand Canyon
Pueblo had a peak population of 83 households during PIII times.

The human-specific food web from the archaeological excava-
tions at Grass Mesa Pueblo includes 314 nodes with 2764 feeding
links and an average number of links per species of 8.81 (Fig. 8). In
contrast, the human-specific food web for Albert Porter Pueblo is
smaller, with only 249 species represented with 1246 links among
species, showing an average number of links per species of 5.01
(Fig. 9). Sand Canyon Pueblo's human-specific food web is the most
connected human-specific web, with 321 nodes and 4045 links
among them, resulting in 12.63 links on average per node (Fig. 10).

The trophic level of humans is highest in the Albert Porter food
web (2.658) and lowest in the Grass Mesa food web (2.468)
(Table 2). While this study does not take into account the percent of

the diet these organisms constitute, Ancestral Pueblo people did
have a predominantly vegetarian diet (Matson, 2016; Matson and
Chisholm, 1991).

The clustering coefficients for the archaeological assemblages
are all marginally higher than for the composite food web showing
that humans and their prey are in slightly more connected cliques,
with the highest clustering coefficient in the Sand Canyon Pueblo
assemblage (Table 2).

Mean path length (MPL) suggests how far reaching the effects of
adding or removing one species would have on the overall food
web. During Grass Mesa Pueblo occupation humans have anMPL of
1.757 and the 56th lowest path of 334 species. During Albert Porter
Pueblo occupation, humans have an MPL of 1.821, the 89th lowest
path. During Sand Canyon Pueblo occupation humans have an MPL
of 1.780, the 52nd lowest. This changing path length from very low
to middling back to low indicates how far reaching the effects of
human intervention would have been on the landscape, and how,
among these three archaeological assemblages, human effects on
the food web would have been the lowest during PII times.

3.3. Node knockout simulations

The above food web metrics do not take into account the

Fig. 5. Ideal Clustering Coefficients. In (a) all species prey on each other, showing a
complete connectance (or 1). In (b) only one predator preys on all other species, which
do not prey on each other, showing a clustering coefficient close to 0.

Fig. 6. Clustering coefficient for the overall food web. Humans are mapped at point 51 on the x-axis, showing that humans are connected, but are well below the median species in
this foodweb.
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strength of interactions between individual predator and prey
nodes. However, we can examine the relative importance of nodes
by performing a “node knockout” simulation and keeping only
those species that are the most important to humans as prey in the
constricted food webs. Species identified as most important for the
node knockout simulations were: maize, beans, squash, deer
(before being hunted out), rabbit/hare, and turkey (after being
introduced as a food source). While turkey are occasionally present
in early assemblages, their use seems to be more for ritual than for
food (Bocinsky and Kohler, 2015). Note that we did not remove
those species that prey on humans, but simply replaced the matrix
of human prey with these constricted assemblages.

Our first node knockout simulation generated a constricted food
web corresponding to PI times. Humans' generality in this web is

0.26, lower than in the complete Grass Mesa food web (Table 4).
Second, the PII constricted food web represents the period after
which deer were locally hunted out but before the introduction of
domesticated turkey as a food source. In this constricted food web,
humans' generality score decreases to 0.23 (Table 4). Finally, in the
PIII period we introduce turkey as a food source, and see the gen-
erality score raise to 0.26 again (Table 4). These node knockout
simulations are important for identifying changes over time in
humans' most important prey.

4. Discussion

We suggest that a robust species would exhibit high generality,
low predation vulnerability, and a low clustering coefficient. We

Fig. 7. Mean shortest path length. Mean path length (MPL) of approximately 2 indicates a highly connected food web where effects can be felt throughout the web. In this figure, a
lower score indicates a higher connection to all other species in the web.

Fig. 8. Human specific food web for Grass Mesa Pueblo, Pueblo I period. Arrow indicates humans.
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further propose that a food web with a path length of approxi-
mately 2 or less indicates a network in which small changes would
be felt by all species. Following these metrics, Ancestral Pueblo
people are robust, yet their primary prey do not have metrics
indicating robustness, so their relative fragility would be felt by
humans. Further, the effects of species introductions and removals
would be felt throughout the web, so the immigration of Pueblo
people and their domesticates, as well as their eventual migration
away from the region, would have had effects on all species in the

Fig. 9. Human Specific Food web, Albert Porter Pueblo, Pueblo II period. Arrow indicates humans.

Fig. 10. Human Specific Food web, Sand Canyon Pueblo, Pueblo III period. Arrow indicates humans.

Table 4
Generality scores for both empirical data and the reduced food web, where only the
most important species to Pueblo diet were included. These include maize, beans,
squash, deer (before being hunted out), rabbit/hare and turkey (and after being
introduced as a food source).

Empirical Reduced (Hypothetical)

Pueblo I (Grass Mesa) 2.23 0.26
Pueblo II (Albert Porter) 1.45 0.23
Pueblo III (Sand Canyon) 2.50 0.26
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central Mesa Verde region. We explore these findings below.
Mean path length (MPL) suggests how important nodes are to

the functioning of the entire system, a similar concept to centrality
in social network analyses (Collar et al., 2015; Crabtree, 2015). In
networks with a path length of approximately 2, “adding,
removing, or altering species has the potential to rapidly affect
many or most species in large complex communities.” (Williams
et al., 2002, p. 12915). In the overall network, the average MPL for
all species is 1.845, with 82% of species having an MPL between 1.7
and 2. Webs with high percentages of species with an MPL of
approximately 2 indicate “all species … are potentially close
neighbors” (Williams et al., 2002, p. 12916), suggesting that re-
movals or additions would be felt throughout the web. In the food
web of the Ancestral Pueblo people, additions and removals would
be felt strongly throughout the web, since every species is con-
nected to every other in less than two links (Dunne et al., 2016;
Williams et al., 2002).

Humans have an MPL of 1.746 while mule deer have an MPL of
1.609 in the composite food web, suggesting that changes in their
abundance would have far reaching ramifications on the overall
food web, similarly to what Dunne et al. (2016) find in the Sanak
peninsula. The outmigration of Ancestral Pueblo people also
precipitated the removal of maize, a species with an MPL of 1.78, as
well as other domesticates such as: beans (MPL 1.881), squash
(1.915), domestic dogs (MPL 1.735), and domestic turkeys (MPL
1.771)4 The removal of all of these species from the landscape with
the outmigration of the Ancestral Pueblo people would have
restructured the food web. Since maize is one of the most vulner-
able species to predation (vulnerability: 2.27), the removal of maize
from the landscapewould have increased predation loads on native
plants when those species that preferentially fed onmaize could no
longer rely on that resource, likely causing immediate changes
within the biotic environment.

When examining mean path length by archaeological period,
we see that during PI times humans have anMPL of 1.747, during PII
they have an MPL of 1.821, and during PIII they have an MPL of
1.720. This suggests that during PII times, human effects on the
greater webmay have been less than during PI or PIII times. Though
the metrics are small, the changing mean path length scores have
important consequences for understanding human modification of
the environment.

These lower MPL scores are also reflected in the species di-
versity of the assemblages. Notably, the Albert Porter Pueblo
assemblage represents fewer species than the other two assem-
blages. Further south along the Salt and Gila rivers of Arizona, Dean
(2007) showed that prior to the Hohokam collapse, high de-
mographic stress correlated with increased diet breadth, while
decreased diet breadth, seen in constricted assemblages, correlated
with low demographic stress. The constricted assemblage in Albert
Porter Pueblo suggests that Ancestral Pueblo people had low de-
mographic stress andwere able to rely on their preferred preymore
easily than during other periods. Then, toward the end of the
occupation of Sand Canyon Pueblo, archaeologists find that humans
were unable to rely on domesticated crops due to drought and thus
switched to a wild foods diet (Kuckelman, 2010). An increase in
diversity, such as at Sand Canyon Pueblo, means that at the
assemblage level people relied on less desirable species.

Vulnerability and generality scores from this study's network
analysis are evidence for changes in the robustness of Ancestral

Pueblo people to tolerating environmental changes. Humans have
low predation vulnerability scores in all of the food webs, as they
are preyed on only by large bodied predators (e.g. wolves and
cougars). Humans have high generality scores, suggesting that they
are generalists who may easily switch among prey, a finding well
known in the anthropological literature (Staddon, 1983). In the
node knockout simulations, the generality scores of humans alter-
nate between 0.26 and 0.23dboth quite lowdindicating that
humans would have had few options for error in poor environ-
ments if they could not prey switch (due to settlement density, e.g.).
Anthropologists have noted the health effects of a starch heavy diet
(Mertz, 1970, p. 352) and the social effects of prey depression
(Badenhorst and Driver, 2009), which may both have been conse-
quences if humans couldn't rely on a full suite of prey. In the node
knockout simulations, humans have the 20th lowest generality
score of all consumer species. Some families may have had access to
preferred prey more easily than others (Muir and Driver, 2002, p.
192), and so the generality score for the archaeological webs may
represent only those families that could readily prey switch, while
the generality scores in the node knockout simulations may
represent those families who could not.

Along with the generality score, the clustering coefficient is also
related to human resilience. A high clustering coefficient would
indicate that the primary prey of a target species also fed on each
other, so the consumption of one organism may have cascading
effects on the web. Here, however, we see that humans have a
relatively low clustering coefficient across both the composite and
archaeological food webs. By consuming mostly species that are
independent, cascading effects due to prey switching are limited.
This strategy, intentional or unintentional, helps humans to mini-
mize burdens they may otherwise place on themselves. The
archaeological assemblages have a slight increase in mutual pre-
dation, most clearly in Sand Canyon Pueblo, likely reducing
resiliency.

In the face of changing environmental conditions and prey
availability, human resilience is related to the ability of humans to
be “versatilists” (Potts, 1998), changing their prey choices to reflect
current environmental and cultural conditions. Ancestral Pueblo
people unintentionally decreased their versatility during the 700-
year span of occupation of the region. Studies suggest that forests
in the central Mesa Verde were clear-cut (through a combination of
cutting, girdling, and burning) both intentionally to clear land for
agriculture, and as a byproduct of collecting timber for construction
materials or woody fuels. In the feature of Mummy Lake in Mesa
Verde National Park, Wyckoff (1977) found that only 15% of pollen
from A.D. 1000e1225 was arboreal, a percentage that is so low as to
suggest deforestation (Kohler, 2004; Matthews, 1988; Wyckoff,
1977). That same pollen core from Mummy Lake suggests rapid
forest replacement following the depopulation of the central Mesa
Verde region, strongly pointing to humans as the agents of
deforestation.

These pollen cores bolster findings that Pueblo farmers denuded
the region due to their use of the landscape (Kohler, 2004;Wyckoff,
1977). Deforestation during Ancestral Pueblo times could have also
led to soil erosion, depending on which type of vegetation (if any)
replaced the trees (Kohler, 2004, p. 225), reducing the long-term
ability of substrates to support vegetation. Through time with a
decrease in natural soil fertility, Ancestral Pueblo people likely
could not prey switch readily to other plant species they had relied
on in the past, and the unavailability of these plant species also
would have effected the animals that preyed on them. Further,
pollen core studies also confirm that grassland dependent species
could have benefited from deforestation during Pueblo occupation,
while after Pueblo abandonment habitats shifted once again with
the encroachment of pinyon-juniper forests.

4 While wild turkeys do currently live in the central Mesa Verde, their genetic
makeup is different from prehistoric domestic turkeys, suggesting Pueblo people
brought their domesticated turkeys with them upon emmigration (Witt et al.,
2015).
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5. Conclusions

The environmental footprint of the 27,000 inhabitants of the
study area (Schwindt et al., 2016) would have included forest
clearing to find beams for houses and woody fuels for fires, and to
clear land for maize gardens. In addition to this, the ability to relo-
cate, or even rotate fields, would have been curtailed by density. The
inability to move because of population pressures coupled with the
environmental effects of human density would have gradually
decreased the quality of life of Ancestral Pueblo people. And while
humans could switch prey to other native species (“starvation foods”
as Kohler et al. (2008) call them) this choicewas only available for all
people when human density was low. With decreased diet breadth
as seen in the node knockout simulations, Ancestral Pueblo people
would have been beholden to the productivity of their preferred
foods. If environmental conditions decreased their abundance, and
human density was as high as Schwindt et al. (2016) suggest, options
to prey switch may have been lacking.

While it is easy to discuss deforestation, species shifts, and prey
depression in the abstract, ecological changes would have been felt
differently by different people in the Ancestral Pueblo world. The
high populations resulting from the Neolithic demographic tran-
sition forced humans into a rigidity trap, enabling overall survival
only through high agricultural production. Once turkeys were
introduced, maize farming became even more critical, and the
ability to supplement diet with other weedy species decreased
(Bocinsky and Kohler, 2015). If the soil became too poor to support
maize fields due to centuries of human use, the Ancestral Pueblo
people needed to prey switch to survive. In such circumstances, if
previously available forage had become scarce the people would
have been forced with a difficult decision: starve, develop social
responses to starvation (e.g. violence), or migrate.

Schwindt et al. (2016) suggest that there are areas of the central
Mesa Verde region that are only productive during wet andwarmer
years. People who colonized these regions due to necessity likely
felt climatic changes first when the climate became colder or drier
(Schwindt et al., 2016). Those farmers may have been the first to
attempt to utilize the suite of foodstuffs available via prey switching
which would only be available in the short term (Muir and Driver,
2002) and which are reflected in the generality scores of the above
food web analyses. As human settlement density increased and
forests were cleared, and as humans decreased fallowing periods
for their fields (increasing erosion) the effects of environmental
changes amplified, indicated in the archaeological assemblages
and, more pronouncedly, in the node knockout simulations. This
would lead to further social adaptationsdtrades with neighbors
(Crabtree, 2015), raiding those you don't know (Crabtree et al.,
2017)dwhich may in turn increase other types of social pres-
sures. If the environment did not bounce back quicklydwhich here
we suggest it did notdthe environmental and social pressures may
have become unbearable. Due to the density and extent of human
habitation and years of environmental degradation, farmers on the
margins of productivity were likely the first to decide to emigrate.

6. Future food webs studies

The research we present here is part of an increasing body of
studies using food webs to evaluate human/ecosystem interactions.
For example, Dunne et al. (2016) have placed humans in trophic
webs from western Alaska showing that Aleuts were “super gen-
eralists,” feeding on many species in the region. They suggest that
humans promote ecological integrity (Dunne et al., 2016; Maschner
et al., 2009). Their research also further shows the necessity of
including humans to gain a full understanding of ecosystem
structure and dynamics, findings echoed in our paper.

The research we presented in this paper provides a terrestrial
case study that can be directly compared with the intertidal and
nearshore systems studied by Dunne et al. (2016). Our results show
how important a nuanced understanding of a culture and its
environment is to truly understand the challenges that culture
faced. Even agricultural groups are intimately connected with their
environments, and to understand environments we need to un-
derstand how humans structure them. Further, small acts may have
unintended consequences that benefit some species while simul-
taneously harming others. These domino effects can only be un-
derstood through the network approaches in food web analyses as
presented here. Only through studying the unique contingencies
that these cultures faced may we begin to understand patterns of
human/environment interaction, social adaptation, and the effects
of species addition and removal. The increasing body of knowledge
we have on food webs shows the importance of humans in struc-
turing ecosystems: howwe dramatically alter ecosystems, and how
we can manage ecosystems to prevent potential species loss. By
comparing these well-developed cases we can better understand
our place in the global ecosystem.
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