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Preface

The vector-borne flavivirus Zika joins among other infections avian influenza,
Ebola, and yellow fever as recent public health crises of regional scale threatening
pandemicity. A growing literature situates the origins of many of these emergent
outbreaks in changes in land use spearheaded by neoliberal agricultural production
as well as mining, logging, and other modes of multinational development.
Ecosystems in which “wild” viruses are in part controlled by environmental sto-
chasticity are being drastically streamlined by capital-led deforestation and, at the
other end of periurban development, by deficits in public health and environmental
sanitation.

While many sylvatic pathogens are dying out with their host species as a result,
a subset of infections that once burned out relatively quickly in the forest, if only by
an irregular rate of host encounter, are now propagating across susceptible human
populations whose vulnerability to infection is often exacerbated in urban environ-
ments. The resulting outbreaks are characterized by greater extent, duration, and
momentum.

In this monograph, we explore an associated bifurcation in the state space of
vector-borne outbreaks. The stabilizing effect of environmental “noise” on such
infections can be lost in deforestation and, at the other geographic terminus, urban
austerity. But by sufficient noise added to a two-dimensional pathogen-vector sys-
tem of Itd stochastic differential equations, it appears a pathogen population can
also become suddenly destabilized, with sequentially rising peaks in infection a
characteristic outcome. The results imply that policy-determined noise can as much
promote as retard pathogen transmission.

We propose the two impacts together explain the explosive spread of recent
vector-borne infections. Whereas stripping out forest for monoculture production or
divesting from sanitation removes ecological curbs on vector-borne diseases, the
noise associated with socially driven spatial shifts in vector dynamics can propel
infection spikes. More generally, an agribusiness-led “neoliberal frontier” spreading
across much of the global south, in combination with structural adjustment pro-
grams in public health, at one and the same time appears to remove the ecosystemic
brake on vector-borne infections and accelerate their subsequent transmission.
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We review the implications of such a socially driven bifurcation for intervention
and modeling alike. In contrast to what much of the disease literature presumes, in
the context of the modern nation state, infectious diseases cannot be described by
interacting populations of host, vector, and pathogen alone. We follow up with a
series of control theory models that explicitly address the interactions between pub-
lic health bureaucracies and the pathogens they aim to control.
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Chapter 1
The Social Context of the Emergence
of Vector-Borne Diseases

1.1 Introduction

The Brazilian strain of Zika virus (ZIKV-BR) is one of several recently emergent or
reemergent vector-borne human infections, pathogens transmitted by the bite of an
infected arthropod species (Dick et al. 1952; Kindhauser et al. 2016; Wilder-Smith
et al. 2017). The new Zika strain is transmitted, as are other major arboviruses, by
Aedes spp. mosquitoes, with some debate as to whether other mosquito genera can
transmit the virus (Ayres 2016; Fernandes et al. 2016; Evans et al. 2017; Hunter
2017). Its progenitor appears to have originated in Senegal and Cdte d’Ivoire before
spreading across Asia and more recently, and explosively, South and Central
America (Musso 2015; Shen et al. 2016; Faria et al. 2017). Suitable New World
niches extend beyond areas struck so far (Messina et al. 2016; Attaway et al. 2017)
(Fig. 1.1).

Although Messina et al. (2016) focus primarily on the range of the primary Zika
vector — Aedes aegypti — as determining the possible extent of the epidemic, the
team comments in passing:

How the ongoing epidemic unfolds in terms of case numbers (or incidence) will depend on
a range of other factors such as local transmission dynamics, herd immunity, patterns of
contact among mosquitoes and infectious and susceptible humans...and mosquito-to-human
ratios as recently shown for dengue...and chikungunya....

Here, we specifically focus on the “range of other factors” that drive vector-
borne disease, factors that extend well beyond the list, largely around vectorial
capacity, that Messina et al. present. These additional factors are largely matters of
socioeconomic structure and public policy, framing the living conditions of human
and vector populations (Levins et al. 1994; Lindsay and Birley 2004; Chaves and
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Fig. 1.1 Projected niche susceptibility to the spread of Zika via the Aedes mosquito vector in the
New World. Gray is zero, bright red high (adapted from Messina et al. 2016)

Koenraadt 2010; Samy et al. 2016; Tusting et al. 2016; Chitunhu and Musenge
2016; Oviedo-Pastrana et al. 2017; Zellweger et al. 2017).

Context may extend beyond immediate anthropogenic conditions, among them
access to water and environmental sanitation. Structural One Health, a new field,
examines the impacts global circuits of capital and other foundational contexts,
including deep cultural histories, have upon regional agroeconomics and associated
disease dynamics across species (Wallace et al. 2015; Degeling et al. 2015; Jones
et al. 2017; Kingsley and Taylor 2017; Dzingirai et al. 2017). In one such line of
research, Wallace and Wallace (2016) modeled the mechanisms by which neoliberal
development promoted the emergence of the Ebola Makona strain that infected up
to 35,000 West Africans during 2013-2015.

Neoliberalism is a program of political economy aimed at globalizing economic
liberalism, promoting free trade, and applying strong state techno-management to
protecting private property and deregulating or rather re-regulating corporate-led
economic markets (Harvey 2005; Mirowski 2009; Centeno and Cohen 2012; Ganti
2014). It is the latest iteration of capitalism as an actively constructed system of
social reproduction, as a totalizing episteme opposed to alternatives, organized over
geographic centers and peripheries within and across countries around the globe
(Harvey 1982/2006; Mirowski 2009). Neoliberal doctrine impacts local landscapes
and functional ecosystems alike, with decisive effect upon the fortunes of infectious
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disease (Maye et al. 2012; Wallace and Kock 2012; Jones et al. 2013; Maye et al.
2014; Schrecker and Bambra 2015; Wallace and Wallace 2016).

Although the Ebola epidemic Wallace and Wallace (2016) modeled originated in
a reservoir species in West Africa — presumably displaced fruit or insectivore bat
populations — it rapidly became human-transmissible, permitting direct mathemati-
cal modeling, at least in the initial stage. Most simply for such an outbreak, one can
write a deterministic “exploding” equation as

dX /dt=aX(r) (1.1)

at time ¢ where, in the early stages, X is the infected population and «a is a positive
real number so that X (7) increases exponentially in time:

X(t)=X, exp[at] (1.2)

Wallace and Wallace (2016) report the solution unlikely under sufficiently sto-
chastic circumstances. An It6 stochastic differential equation presents

dX, = aX,dt+cX,dW, (1.3)

The second term represents volatility in the white “noise” dW,, a random noise
signal with equal power within a fixed bandwidth at any center of frequency, whose
influence here is indexed by the parameter o .

Applying the Itd Chain Rule, a stochastic version of computing the derivative of
the composition of two or more functions, to log[X] produces the relation

2
dlog[X,]= (a —%]dt +odW, (1.4)

where —6%/2 is the “It6 correction factor.”” Heuristically, given enough environmen-
tal noise, i.e., 6%/2 > a, by Jensen’s inequality for a concave function (Cover and
Thomas 2006), this gives a lower limit for log[E(X))] > E(log[X,]) — a < 0. That is,
any outbreak must eventually be driven to extinction.

More generally, for non-Brownian “colored” noise, with skewed spectral densi-
ties of a variety of distributions, if Eq. (1.3) can be expressed as

dx, = X,dY, (1.5)

where Y, is a stochastic process in some complicated noise process dB,, then the
Doléans-Dade exponential (Protter 1990), the solution of a class of stochastic
differential equations defined by a semimartingale of bounded variation, can be
written as
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B(x), < exp( 1,317

(1.6)

[Y, Y] is the quadratic variation of Y, that, since B, is not Brownian white noise,
need not be simply proportional to time (Protter 1990). Then, again heuristically, by
the Mean Value Theorem, if

%d[Yt,Yt]/dt>dY,/dt (1.7)

the exponential converges in probability to zero.

Using similar methods, Dalal et al. (2007) found that the introduction of stochas-
tic noise can change the basic reproductive number of a disease and can stabilize an
otherwise unstable system. Gray et al. (2011) take an analogous approach to the
susceptible-infected-susceptible epidemic. Yang and Mao (2013) found that for a
susceptible-exposed-infected-recovered epidemic model, when perturbations are
sufficiently large, the exposed and infective components decay exponentially to
zero, while the susceptible components converge weakly to a class of explicit sta-
tionary distributions regardless of the magnitude of the reproductive number.

With some modification, we can apply the approach to vector-borne disease.
Since human-to-human transmission is (relatively) rare for such diseases, mathe-
matical description, following the Ross-Macdonald model of vector-borne infection
(Bailey 1975, 1982), requires tracking interactions across multiple species at differ-
ent time scales. Our particular concern will be the shift from a low deterministic
endemic state to high-level stochastic outbreaks.

The transmission system has a minimal two-dimensional setting at the initial
state: two interacting populations described by two linked equations. As in the one-
dimensional Ebola system discussed above, the right kind of noise can still drive an
endemic level in such a system to zero, consonant with, but different from, the
Doléans-Dade exponential. On the other hand, the wrong kind of noise can now
trigger an explosion of infections.

The ecological processes associated with such definitional environmental noise
arise from multiple sources and are almost entirely framed by matters of public
policy. For instance, rain repeatedly creates the right conditions for oviposition, but
by a nexus of unrelated events that a model’s noise spectra can capture, predation
and canopy cover, the latter influencing rainfall and sun radiation, can check tree-
hole mosquito population growth (Miyagi and Toma 1980; Mogi and Sota 1996;
Chaves 2017). When such natural control mechanisms are stripped out by the land-
scape changes imposed by globalized commodity production, previously marginal-
ized vectors, and their pathogens, are suddenly sprung free from the repeated
interruptions of the everyday ecology of the forest.

In contrast, environmental noise (of a variety of empirically discoverable colors)
appears inherent to other modes of social development, including traditional, arti-
sanal, and conservation agroecologies that are heavily mosaicked in space, time,
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kinds of crops and livestock, ecosystemic function, and genetic variability (e.g.,
Kock 2010; Rosales-Castillo et al. 2011; Wang et al. 2011; Le Flohic et al. 2013;
Maas et al. 2016). Ending such systems appears to come at grave epidemiological
cost few analyses have formally modeled.

Wallace and Wallace (2016) asserted a shift out of regional agroforestry to
capital-led trajectories of neoliberal agriculture, mining, and logging — all highly
dependent on global circuits of capital and the expectations of international finan-
cial centers as far flung as New York, London, and Hong Kong — imposed a new,
epidemiologically critical spatial pattern upon West Africa’s forest ecologies.
Marginal strains of regional Ebola undertook a punctuated domain shift in spillover
and subsequent human transmission. The stripped landscapes replaced traditional if
also historically contingent agroecological practices with increasingly uniform eco-
systemic “smoothing” that among its many effects increased the interface between
reservoir bat species and, by structural adjustment’s impacts on public health, elon-
gated chains of human susceptibles. So while at the start of the outbreak in West
Africa the virus itself appeared little different from its predecessors at the genetic,
molecular, and clinical levels, the outbreak, spreading upon a different transmission
background, proved unprecedented in its extent, duration, and momentum.

We propose the emergence (or reemergence) of a wide variety of vector-borne
pathogens is framed by a similar — albeit taxa- and place-specific — context.

1.2 The Social Determinants of Vector-Borne Disease

A comprehensive review by Mandal et al. (2011) shows the essential role of social,
economic, and political conditions for at least one vector-borne disease, malaria, is
well-known, if also little studied by way of the traditional systems of simultaneous
equations:

It is now fairly evident that “as a general rule of thumb, where malaria prospers most,
human societies have prospered least’... Poverty is largely concentrated in the tropical and
subtropical zones, and that is where most malaria transmission is observed. The extent of
the correlation suggests that malaria and poverty are intimately related. In most endemic
areas of malaria, changes in social and economic conditions are considered to be far more
important than temperature shift... The economic and social burdens from factors such as
fertility, population growth, premature mortality, misdiagnosis, inflicted by the disease have
been studied by many authors... Given the nature of the factors, most investigations are case
studies, and there are only a few differential equation based models that incorporate socio-
economic structure (e.g., Yang and Ferreira 2000).

About the deficiencies in most such models, focused entirely on the internal
interactions between pathogen, host, and vector populations, Bailey (1982) remarks:

Perhaps none will fully understand the behaviour of the whole system as it operates within
the economic, social and political constraints of a given society. This may explain some of
the difficulties of predicting with sufficient accuracy the likely consequences of any chosen
strategy of intervention. And if one cannot predict the consequences of a given strategy, one
had no rational basis for choosing between the available alternatives.
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Here we will formally address the influence of some of the key economic, social,
and political constraints missing in previous models. To do so, following
Finley-Brook (2007), we need to first summarize the development strategies to
which the post-WWII global south has been subjected:

The oppressed and poor are supposed to gain freedom through [the neoliberal] market, but
neoliberal approaches are not designed to address the particular attributes and needs of native
groups... In Latin America many indigenous areas are communally owned. Market-oriented
ventures in communal areas that start off as communal risk strengthening local elite, increas-
ing economic and social inequity, or disrupting collective structures... Insensitive to local
practices, donors often require the purchase of outside inputs like agricultural machinery,
trucks, and cattle. As they attempt to diffuse desire for foreign goods and a culture of con-
sumption, aid agencies spur rapid and often destabilizing technological shifts in rural areas.

Huddell (2010) describes these circumstances as they are instantiated in Brazil:

Neoliberal reforms, which reduced subsidies and government intervention as well as liberal-
ized markets, had complex repercussions for Brazil’s agricultural sector. The impact on Brazil’s
coffee market is illustrative... Market competitiveness favored capital-intensive landowners
and foreign interests, and thus marginalized small rural farmers. Exposing the small-scale
farmers of Brazil to the world economy, at a time when world coffee prices fell dramatically
low, forced them out of the market. The new policies also encouraged mass production, expan-
sion of farmland, and mono-crop coffee planting, which adversely affected the environment.

— e

Bellanatonio and Yousefi (2016), examining the spread of soy cultivation
South America, expand upon the resulting switch in social reproduction:

n

For this investigation, we visited 28 sites across 3000 kilometers in Brazil and Bolivia,
where soy production on an industrial scale is fueling massive deforestation... To overcome
Burger King’s lack of transparency, we used satellite mapping, supply chain analysis tools,
interviews with soy growers and an extensive field investigation to uncover deforestation
linked to agribusiness giants in the company’s supply chain.

Across the South American frontier, we found the footprint of the major trading compa-
nies that sit astride global agriculture and supply Burger King and other food companies.
Traders like the American companies Cargill, Bunge, and ADM buy grain, build silos and
roads, provide farmers with fertilizer, and even finance land-clearing operations.

The resulting destruction, reversing recent declines in deforestation (Hecht
2014), can be reflected in global markets (and vice versa). Figure 1.2, adapted from
Barona et al. (2010), shows the correlation coefficient between Amazon deforesta-
tion from 1995 to 2007 and the prices of soy and cattle. Correlation coefficients
were centered on a moving average and a 9-year window, with price data leading
deforestation by 1 year. Deforestation and soy prices appear increasingly
integrated.

The environmental effects of such a switch in social reproduction can be seen
from space. Figure 1.3, adapted from Tabuchi and Rigby (2017), shows satellite
images of deforestation in a typical region of Brazil for 1984, 2000, and 2016.
Brannstrom (2009, Lapola et al. 2014) situates similar maps for Western Bahia as
the leading edge of Brazil’s “neoliberal frontier’:
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Fig. 1.2 Correlation coefficient over time between the prices of soy and cattle and Amazon defor-
estation from 1995 to 2007. Correlation coefficients were centered on a moving average and a
9-year window, price data leading deforestation by 1 year (adapted from Barona et al. 2010)

Fig. 1.3 Typical pattern of deforestation in one region of Brazil: 1984, 2000, and 2016 (adapted
from Tabuchi and Rigby 2017)
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Western Bahia is part of the ~2 million km-sq. grassland - woodland Cerrado, of which
approximately 55% has been converted to ranch or farmland. In 2006, western Bahia’s
cropland covered approximately 1.5 million ha, dominated by soy (850,000 ha), cotton
(250,000 ha), and maize (166,000 ha), followed by 60,000 ha of irrigated crops under
central-pivot systems...

By nearly every indicator, western Bahia is a quintessential neoliberal frontier. Soy area
increased from nil in the late 1970s to 400,000 ha in 1988. By 1991, 182 central-pivot
irrigation plots were in operation, and there would be more than 600 central-pivots by 2005.
Farmers are strongly oriented toward export markets for soy, cotton, coffee, and fruit
crops... Beginning around 2000, the government of Bahia extended modest subsidies for
cotton and irrigated coffee and fruit - mainly infrastructure cost-sharing, value-added tax
discounts, and rebates on finance charges for large projects.

Farms are large, usually exceeding 1000 ha; single landholdings in excess of 5000 ha
are common... Likely causes for Cerrado clearing include favorable agronomic, policy, and
market conditions for cotton cultivation, strong regional demand by soy crushers for wood
fuel (from Cerrado or Eucalyptus), and the search for greater economies of scale among
individual farmers by increasing cultivated area.

Such shifts, found across South America and Asia (Austin et al. 2017), have
profound effects on vector epidemiology. Capital-led smoothing and “economies of
scale” are having impacts on disease propagation across a range of pathogen taxa,
including Plasmodium, Leishmaniasis, hantavirus, trypanosomatids, and even plant
viruses (Gottdenker et al. 2012; Gottwalt 2013; Saccaro et al. 2016; Chaves et al.
2008; Roossnick and Garcia-Arenal 2015; Fornance et al. 2016). A large literature
has identified the qualitative dynamics linking deforestation more specifically to
vector-borne disease transmission dynamics across locale and pathogen (de Castro
et al. 2006; Singer and de Castro 2001; Vasconcelos et al. 2006; Yasuoka and Levins
2007; Vittor et al. 2006, 2009; Fornace et al. 2016). Vittor et al. (2006) report:

[In the Peruvian Amazon] deforested sites had an An. darlingi biting rate that was more than
278 times higher than the rate determined for areas that were predominantly forested. Our
results indicate that An. darlingi displays significantly increased human-biting activity in
areas that have undergone deforestation and development associated with road
development.

Olson et al. (2010) expand upon the observation using data from Brazil:

Our cross-sectional study shows malaria incidence across health districts in 2006 [for
Mancio Lima County, Brazil] is positively associated with greater changes in percentage of
cumulative deforestation within respective health districts... The landscape establishes local
ecology and biodiversity, and our results confirm that cleared land is associated with higher
malaria risk... Human malaria risk is specifically associated with deforestation 5-10 years
previously...[in agreement] with other research that observed that shrub land cover, which
develops 5 years after deforestation and becomes classified as secondary growth = 15 years
after deforestation, has significantly greater abundance of An. darlingi larvae than does
forested land...[suggesting] that entomological risk is based on the fate of cleared land.

Populations of Aedes aegypti arise by a more urbanized niche construction, “pro-
duced,” as medical entomologists describe it, in artificial containers connected to
human management of water or, in the case of structural adjustment, declines in
such public services (Barrera et al. 1995; 2011; Cox et al. 2007; Brown et al. 2014;
Kraemer et al. 2015).
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Fig. 1.4 Confirmed Zika-linked microcephaly cases in Brazilian states as a function of percent
light and heavy forest cover. For a bivariate correlation of such a complex system, the relations are
strongly negative: more forest cover, less pathology (from Ali et al. 2017)

A shift in mosquito community ecology on the heavily populated coast of Brazil
was reported in 2000, with the arrival of Aedes albopictus in the native rain forests
of Recife (de Albuquerque et al. 2000), the initial urban epicenter for Zika micro-
cephaly, in what would be the heavily hit state of Pernambuco. Ae. albopictus joined
already established major vector species such as Ae. aegypti and Culex quinquefas-
ciatus and a diverse set of other and newly reported mosquito species here vectori-
ally competent for the transmission of filariasis, dengue, Rocio, Mayaro virus, and
yellow fever (Aragao et al. 2010; Carvalho et al. 2014).

The new epidemiologies appear driven by land use, even if for some diseases
such shifts act only as proxies. Figure 1.4, from Ali et al. (2017), shows confirmed
Zika-linked microcephaly cases in Brazilian states versus the percent of light and
dense forest cover. Higher forest cover is strongly associated with lower case rates,
a result comparable to that found in geospatial analyses of deforestation and Ebola
outbreaks in West and Central Africa (Rulli et al. 2017). Even as the Zika outbreak
in Latin America is primarily urban in scope, arriving from abroad by international
travel and spreading city to city by the urban commuting field, the virus arrived in
the middle of, and percolated through, a periurban gradient in vector epidemiology
that in Zika’s case appears tied to dengue and chikungunya dynamics (Faria et al.
20164, b; Nah et al. 2016; Haque et al. 2016; Song et al. 2017).

With in vitro and indirect epidemiological data, Halstead et al. hypothesize Zika
engages in reciprocal activation at the molecular level with dengue and perhaps yel-
low fever, which are clearly forest-dependent (Halstead 2003; Priyamvada et al.
2016; Kawiecki and Christofferson 2016; Cavalcanti et al. 2016; Halstead 2017;
Mahalingam et al. 2017; Londono-Renteria et al. 2017). The convergent mutualism
indicates that while Zika incidence is presently urban-driven, the virus is still asso-
ciated with deforestation. Such ecological cascades are fundamentally relational,
with disease dynamics in one locale dependent on those elsewhere. By a SIR model
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for nonhuman mammals, Althouse et al. (2016) meanwhile project a high probabil-
ity Zika will revert to an endemic sylvatic ecotype in the Americas.

Other vector-borne infections appear similarly resurgent. An early census put
nonhuman primate (NHP) deaths from an ongoing outbreak of yellow fever at
5000 in Southeastern Brazil alone, including the especially YF-sensitive northern
brown howler monkey (Alouatta guariba guariba), the population-vulnerable
northern masked titi monkey (Callicebus personatus), and the critically endangered
northern muriqui (Brachyteles hypoxanthus) (Bicca-Marques et al. 2017). Forest
fragmentation, isolating populations, appears to have reduced herd immunity even
to sylvatic YF (Bicca-Marques and Freitas 2010; Oklander et al. 2017). NHP deaths
across Latin America are estimated in the hundreds of thousands, threatening endan-
gered species with extinction.

By a series of models, we next explore possible mechanisms by which capital-led
land use and structural adjustment, intrinsically socialized into a single socioenvi-
ronmental object, drive vector-borne infection. Our line of formal argument, using
stochastic generalizations of a classic disease model, aims to encapsulate the
impacts of such disruptions in collective structures, technological shifts, expansions
in highly capitalized farmland, road development, land-clearing operations, and
rollbacks in municipal vector control on vector-borne infection. We show the results
of this first line of modeling extend directly to more complex models.
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Chapter 2
Modeling Vector-Borne Diseases
in a Commoditized Landscape

2.1 The Deterministic Approach

As Mandal et al. (2011) review, there is a rough hierarchy of models for vector-borne
disease, focusing on malaria. These range from Ross (1911) through Macdonald
(1957) to Anderson and May (1991), who present, respectively, two-, three-, and
four-dimensional models. Macdonald and Anderson-May extend the Ross model to
include latent periods in both human and vector. Further extensions explore the role
of immune competence, superinfection, pathogen evolution, host and mosquito
behavior, migration, population age structure, spatial dynamics, environmental fac-
tors, and so on, all largely variations on the Ross and Macdonald theme (Reiner
et al. 2013). Yang (2000) studies a model containing ten differential equations.

Few such models consider socioeconomic factors, although Yang and Ferreira
(2000) pursue a heroic attempt (see Mandal et al. 2011 for details) and Levins
and Awerbuch-Friedlander tailor nonlinear difference models for public health
policy and mosquito control (Predescu et al. 2007; Awerbuch-Friedlander and
Levins 2009).

For our purposes, exploring causality in the socioeconomic field rather than
solely in the objects of pathogen and vector, it is enough to examine and extend the
simplest two-dimensional model, that of Ross. Following Bailey (1975), let X be the
proportion of the human population that is infective and Y be the proportion of
infective (female) mosquitoes. The deterministic epidemic equations are then

dX /dt = abmy (t)[1-X ()| -rX (1)

dy /dt = aX (t)[1-Y (t)]-u¥ (1) 2.1
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where m is the number of female mosquitoes per human host, a is the number of
bites per unit time on a host by a single mosquito, b is the proportion of infected
bites on a host that produce an infection, r is the per capita rate of recovery in
humans, and y is the per capita mortality rate for mosquitoes.

The deterministic steady-state endemic levels, when dX /dt = dY /dt = 0, are
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the endemic level is zero, and initial outbreaks will collapse.

Based on the qualitative observations of the previous sections, it is possible to
make a simple deterministic model of the effects of smoothing on the infection
steady state. Let p be an index of the degree of smoothing, in this case of deforesta-
tion or cuts in environmental sanitation, in a region where vector-borne infection
had originally been driven to local near-extinction. For Eq. (2.1) wetake y=b=r=1
and a = m = p + 1. Then the relation for the proportion of the host population ulti-
mately infected becomes

3
___(pr1) -1 1 (2.4)
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©

producing Fig. 2.1.

Our ultimate interest, however, is in the dynamics of transitions from low-level
endemic to recurrent outbreak and particularly in the structure of imposed “noise”
that might drive outbreaks to extinction or escape. That is, there is more here than
the “endemicity” relation of Egs. (2.2) and (2.3), so we need to explore the effects
of noise by simulation.

2.2 Adding “Noise” to the Deterministic Model

We begin by settinga=b=m=r=1and u =0.9 so that Xco = 0.05, Yoo = 0.0526...
The basic equations follow
dx /dt=Y (1)[1-X(1)]-X (1)

dy /dr =X (t)[1-Y (¢)]-0.97 (¢) (2.5)
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Fig. 2.1 Steady-state 0.9-
proportion of human hosts
infected vs. deforestation
index for a region in which
disease had been nearly
eradicated. u=r=>b=1,
a=m=p+1.Asp
increases, Xoo — 1
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producing the “phase diagram” of Fig. 2.2, constructed from the DEplot function of
the computer algebra program Maple 2016.

We next perturb the system with white noise and calculate the time dynamics
using the ItoProcess function of Maple 2016. The simulation equations are

dX, =(Y,(1-X,)- X, )dt —0.01Y,dW,

(2.6)
dy, =(X,(1-Y,)-0.9Y,)dt +0.01X,dW;
where the dW / are two white noise processes.

Figure 2.3 shows that for 30 simulations at low noise, the result is simply the
expected S-shaped deterministic solution with some added diffusional “fuzz,” and
the system converges to near the deterministic endemic equilibrium.

Next, we add significant noise, with effects of differing sign:

dX, =(Y,(1-X,)— X, )dr —0.4Y,dw,

2.7)
dY, =(X,(1-Y,-0.9Y,)dr +0.4X,dW’

Figure 2.4 displays the result of 30 simulations. With sufficient added cross-
noise of different signs, the system does not converge on the low deterministic
endemic state but engages in repeated large excursions. Thus, while the “basic
parameters” defining the low endemic level remain the same, added “noise” can still
destabilize a public health system. The sequentially rising peaks are characteristic.

We need to emphasize that all models of two or more dimensions will inevitably
suffer analogous explosive instabilities under appropriately structured and suffi-
ciently large stochastic burden (Mao 2007; Appleby et al. 2008). Host-vector patho-
gen spread models are inherently at least two-dimensional in this sense.
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Fig. 2.2 Phase diagram
for the system of Eq. (2.5),
with X (0) = Y (0) = 0.001.
From these initial
conditions, the system
converges on the stable
endemic state
(X=0.05,Y=0.053)

Fig. 2.3 Thirty
simulations of Eq. (2.6) at
cross-noise = +0.01. The
time development is just
that of Eq. (2.5) plus some
diffusion around the
deterministic path.
Red=X,blue=Y
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Fig. 2.4 The same as

Fig. 2.3, but the cross-
noise level is 0.4, i.e., 40
times higher. The system
diverges markedly from the
low endemic level,
generating repeated and
increasing peaks of
infection
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This is not the full story. The next simulation uses symmetric noise, having all
positive signs, and is essentially the same as the Doléans-Dade exponential. The
equations are

dX, =(Y,(1-X,)~ X, )di + 0.4X,dW, +0.4Y,dW

(2.8)
dY, =(X,(1-Y,)-0.9Y,)dt + 0.4X,dW, +0.4Y,dW’

Figure 2.5, again for 30 simulations, shows the result. Individual outbreaks do
not converge on the endemic level but fall to zero in the presence of sufficient sym-
metric stochasticity, as with the Ebola example and the Dole’ans-Dade exponential
we explored in Chap. 1.

The inference is that for a vector-borne disease that is inherently at least two-
dimensional as a consequence of the two basic populations of human and vector,
the “wrong” noise — here of opposite signs — can blow up a low endemic level,
while the “right” noise (large enough and all of positive sign) can collapse even
low endemicity.

Real systems are likely to involve more than two interacting populations and
indeed must address interacting geographic areas as well. Torres-Sorando and
Rodriguez (1997) model two modes of malaria migration, migration with and with-
out return, finding the equilibrium prevalence greater under the former. In a follow-
up, Rodriguez and Torres-Sorando (2001) spatially partition subpopulations of
hosts for vector-borne infection in one and two dimensions, with disease establish-
ment easier under the latter. Gould and Wallace (1994) model a matrix of empiri-
cally collected human travel data between many multiple geographic subdivisions.
Real systems can be of considerable dimensionality, a notion to which we will
return.
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Fig. 2.5 Reconfiguring the
noise to symmetric

sums — positively additive
noise for both terms —
drives the endemic level to
zero. This is a standard
result from stochastic
stabilization theory and
carries through to
multidimensional dynamic
systems even more
complex than typical
vector-borne disease
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The mathematical mechanisms driving this contrary pattern for systems of two
or more dimensions — one form of noise stabilizes, another form destabilizes — have
only recently been addressed in the literature. We follow closely the explanation of
Appleby et al. (2008).

2.3 Stochastic Stabilization and Destabilization

The mathematical gears turning behind the simulations of the previous section have
been described for functions defined by both a global linear bound and, as a broader
generalization, for locally Lipschitz continuous, that is, bounds set by a definite real
number for which the absolute value of the slope of the line connecting every pair
of points along the function does not exceed the real number (Mao 2007; Appleby
et al. 2008).

More formally, a function f (x) is said to be locally Lipschitz if, for f from S € R”
— R", m, n > 1, there is a positive constant C such that

[F(3)-F(x)| <Cly-4 (2.9)

for all y € § that are sufficiently near x. Appleby et al. (2008) then show that for any
such f, a function g can always be found so that the perturbed stochastic differential
equation

dX, = f(X,)dr+g(X,)dw, (2.10)

1
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either stabilizes an unstable equilibrium of f or, for dimensions >2, destabilizes a
stable equilibrium. Here, dW, is a multidimensional white noise. Scalar equations —
one dimension — remain only stabilizable. Zika, malaria, and other vector-borne
diseases are inherently at least two-dimensional, as they involve the interaction of
host and vector populations.

Appleby et al. present what are in essence only existence equations — that under
different conditions stabilization and destabilization are possible in a vector-borne
pathogen growth. Moving from the mathematics, how does the destabilization
Appleby et al. describe manifest in the biology of vector-borne systems?

We know how stochasticity can muffle pathogen population growth in one-
dimensional systems: reducing the likelihood of lining up a series of hosts for
extended transmission. The mechanisms by which agroeconomies impose patho-
gen destabilization in two-dimensional systems require further investigation.

In one possibility, spatial stochasticity may wobble the pathogen population into
territories of previously untouched host populations, the continuous stochastic ver-
sion of metapopulation rescue (Alonso et al. 2007; Adams and Kapan 2009; Simoes
et al. 2008; Reluga 2016). The models we present to this point do not explicitly
address space, but we hypothesize a demographic equivalent wherein nonoverlap-
ping bursts of host and vector produce similar surges in pathogen growth. By a kind
of passing stochastic resonance, a spike in vector should allow the pathogen to sur-
vive during a trough in host availability, and vice versa, with the worst of outbreaks
timed to the convergence of host and vector population dynamics.

Other mechanisms appear possible.

Neoliberalism’s lengthening commodity chains appear to increase the area over
which pathogens and hosts interact, reducing the likelihood chance extirpation can
drive an outbreak under replacement (lifting the disease system off its demographic
floor). Phylogeography by Nelson et al. (2015) and Mena et al. (2016) shows wider
reassortment in swine influenza (and faster evolution) associated with expanding
international trade, including, for HIN1 (2009), the North American Free Trade
Agreement (Wallace 20164, b). In conjunction, such expansions increase the likeli-
hood geographic searches for best fits of host and vector populations are success-
ful, in this case flipping stochastically through combinations of environmental
opportunity and vectoral capacity (Wallace and Wallace 2003; Wallace 2012).

Finally, there may be a socioeconomic Moran effect, wherein the dynamics of
two separate populations become entrained by a shared exposure (Moran 1953;
Hudson and Cattadori 1999; Chaves et al. 2012; Hening and Nguyen 2017).
Empirically, the time correlation of the two populations converges on the correla-
tion between the environmental variabilities where they live. The environmental
noise both vector and host encounter may be (spatially) correlated (if also likely
time-lagged), in this case perhaps tied to the kind of price-driven deforestation
Barona et al. propose (Fig. 1.2) or any number of other empirically discoverable
sources of anthropogenic effect (Liu et al. 2007; Hall and Turchin 2007; Rosenstock
et al. 2011; Santos-Vega et al. 2016; Walter et al. 2017).

In the next section, we introduce a common framework under which several of
these ostensibly divergent spatial mechanisms accelerate vector-borne outbreaks.
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2.4 Stochastic Spatial Spread

The spatial spread of contagious processes — fads, rumors, and epidemics — has long
been a central topic of quantitative geography (e.g., Higerstrand 1967; Pyle 1969,
1979; Abler et al. 1971; Bailey 1975; Cliff et al. 1986; Gould 1993, 1999). Such
phenomena, independent of exact mechanism, are typically driven by the embed-
ding socioeconomic structures on and within which they take place. At different
scales, these form the veritable riverbanks that channel the spatiotemporal dynamics
of contagion and infection.

Typically geographers recognize three dominant processes acting at what are
generally, but not always, progressively smaller scales: hierarchical diffusion
nationally and internationally from larger to smaller conurbations along the travel
patterns determined by roadways, railways, air, and river commerce. This is fol-
lowed by spatial diffusion from central conurbations to surrounding settlements
along daily travel routes, much like the spread of a wine stain on a tablecloth, and
finally network diffusion along the social structures of personal day-to-day contact,
for example, within a school, workplace, or family.

Case surveillance models and statistical phylogeographies have tracked the three
processes in vector-borne diseases (e.g., Pham et al. 2016; Walter et al. 2016; Zhu
et al. 2016; Haque et al. 2016; Zhang et al. 2017). As with other contagions, such
outbreaks are historically bounded by prevalent modes of social reproduction and
transportation. We see, for instance, recent shifts in the characteristic scale at which
some vector-borne diseases are spreading (Noureddine et al. 2011; Gatherer and
Kohl 2016). Clearly climate change and expanding travel networks are driving hier-
archical diffusion at the global scale (Tatem et al. 2012; Huang et al. 2012; Rezza
2014), but shifts at regional scales also appear intimately tied to changing social
geographies across periurban landscapes. Samson et al. (2015), for instance, docu-
ment a change in mosquito distribution across five genera and ten species in Haiti.
Prevalences in Culex quinquefasciatus, Aedes albopictus, and Aedes aegypti tracked
rapid informal urbanization across agricultural, forest, and bare land post-
earthquake, dynamics apparently associated with spikes in malaria.

Such epizootic shifts are by no means limited to neotropical forests or even non-
industrial countries. The classic US example is that of tick-borne diseases, such as
Lyme disease, other Borrelia, and human monocytic ehrlichiosis (Killilea et al.
2008; Raghavan et al. 2014; Salkeld et al. 2015). Deforestation, rural poverty, and
the real estate bubbles of exurban development, the latter integrating disease ecolo-
gies across the sociospatial continuum, have changed the mix of interactions across
primary and secondary hosts, including deer, mice, and opossum, not only expanding
the interface between tick hosts and humans but in some cases also amplifying the
force of infection (Ostfeld et al. 2006; Keesing et al. 2010).

The resulting surges in disease appear to arise from more than expansion in envi-
ronments selecting for previously marginalized vectors. Ecotones themselves, the
transition zones between ecologies, appear to select for a number of disease vector
species, including mosquitoes, rodents, bats, pigs, ticks, and shellfish, leading to
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documented outbreaks in Sin nombre virus, yellow fever, Nipah, influenza, rabies,
Lyme, cholera, leptospirosis, and malaria, among others (Despommier et al. 2006).
Ecotones are dynamic and range across spatial scale from boundaries at the indi-
vidual level up to the landscape level, including mosaics of patches varying in type,
distance, and juxtaposition, with foundational impact upon biological productivity,
genetic diversification, evolutionary trajectories, interspecific interactions, and dis-
persal of pathogens and vectors alike (e.g., Robertson et al. 2013; Raghavan et al.
2016).

As Despommier et al. (2006) describe, such cradles of evo-epidemiological
innovation are entrained by human impact:

It follows that ecotones include zones of interaction where large-scale land use change
produces moving fronts where human settlements and accompanying cropland and pasture
expand into relatively intact natural ecosystems. Such ecotones now dominate much of the
geography of the world’s tropical developing regions where land use change and forest
conversion has been occurring at historically unprecedented rates in the past three decades...
Human-created ecotones now extend across entire regions, superimposed on and expanding
into natural ecotones, as well as extending deep into formerly intact blocks of continuous
forest.

The scale effect of such a superimposition integrates ecosystems previously sep-
arated at the region level by both natural barriers and isolation by distance, with
profound impact on disease dynamics. But to model such an effect, human interven-
tions, giving even the most “natural” environments a social character, must be
extended beyond notions of anthropogenic impact (Moore 2015; Davies 2016;
Angus 2016; Foster and Burkett 2016; Kunkel 2017). As we touched on in the
previous chapter, the effect, including upon disease, is instantiated by a particular
moment in capitalist development (Wallace et al. 2015; Wallace and Wallace 2016).

Extractivist agro-industrial development, mining, livestock, land speculation,
and infrastructure development, the factors driving major bouts of deforestation and
disease emergence directly and indirectly, are embedded in state-supported global
production networks and circuits of capital (DeFries et al. 2010; Lambin and
Meyfroidt 2011; Bergmann and Holmberg 2016; Friis et al. 2016). The relation-
ships between deforestation and land use are complex. In Brazil, land use changes
associated with the agricultural sector, accounting for 20% of GDP, appear at one
and the same time increasingly but not entirely decoupled from deforestation and
increasing in intensification, consolidation, globalization, inequality, and specula-
tion (Lapola et al. 2014; Rede Social de Justica e Direitos Humanos et al. 2015;
Oliveira 2016; Branford and Torres 2017) (Fig. 2.6a—d). Large-scale crops of pesti-
cide-heavy, export-oriented soybean, sugarcane, and maize, and in pastures cattle,
have driven expansions in commodity production, while smallholder staples such as
rice, beans, and cassava have contracted (Pacheco and Poccard-Chapuis 2012;
Meyfroidt et al. 2014; Fritz et al. 2015; Craviotti 2016; Oliveira 2016).

But the decline in the rate of deforestation, which in absolute terms continued to
convert native vegetation into agropastoral land use, appears more recently to have
been reversed or was never embarked upon elsewhere in South America (Austin
etal. 2017). Barretto et al. (2013) meanwhile showed the relationship in Brazil to be
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Fig. 2.6 Change in Brazilian land use. (a) Ranked field size based on 1 km global IIASA-IFPRI
cropland percentage map for baseline year 2005 (Geo-Wiki Cropland, Fritz et al. 2015). (b)
Combinations of expansion and contraction for cropland and pasture in minimum comparable areas
where both crop production and pasture production intensified, 1996-2006 (Barretto et al. 2013).
(c) Teachers Insurance and Annuity Association-College Retirement Equities Fund (TIAA-CREF)
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geographically contingent. Increases in land use intensification in agriculturally
consolidated areas coincided with contraction in both cropland and pasture or crop-
land expansion at the expense of pasture, while production on the forest frontier in
central and northern Brazil coincided with expansion in cultivated land (Fig. 2.6b).
The latter outcome instantiates the Jevons paradox, which in direct contradiction to
the land sparing model offers a mechanism by which increasing efficiency of extrac-
tion, cheapening production, actually increases resource use and associated envi-
ronmental destruction (Angelsen and Kaimowitz 2001; Ewers et al. 2009; Foster
et al. 2010; Wallace and Kock 2012).

Concomitantly, “deforestation” is more than about trees. Commoditizing nature
produces new ruralities, which even when in ostensible opposition to voracious
deforestation reproduce colonialist regimes under new property models. NGO-led
programs funded in part by publicity-sensitized agribusiness, what Hecht (2014)
called green governance under a “junker” model, are defined by neoliberal logics
around state-abetted “green” markets monetizing environmental services, offsets
such as Reduced Emissions from Degradation and Deforestation (REDD+), boy-
cotts for “environmental crimes,” ecotourism, mass outmigration, and informalizing
labor. Rural labor sensu lato — what turns the land into food — has been so devalued
as to be maneuvered by the institutionalized competitive disadvantages of product
and credit markets into compulsory transactions that upon near-usurious land sales
turn farmers from owners to migrant wage labor or for the poorest toward the back-
breaking, deproletarianized, and racialized “slave labor”’of debt bondage (Taylor
and Garcia-Barrios 1999; Wright and Wolford 2003; McGarth 2013).

The resulting declines in forest destruction, never arrived upon in some areas and
reversed in others, are encapsulated within a sphere of North-branded certification that
helps inhibit traditional agroforest practices, expropriate smallholder pasture and
cropland, promote farm consolidation and other economies of scale along Brannstrom’s
(2009) “neoliberal frontier,” and rationalize passing the resulting overhead to depressed
gate prices (which at the farm level selects for an increase in production further driv-
ing prices down). Among the many subsequent expansion pathways within this par-
ticular socioeconomic matrix, greenwashing the bigger brands, smallholders can be

<
<

Fig. 2.6 (continued) farmland investments in Brazil (Rede Social de Justiga e Direitos Humanos
et al. 2015). The pension fund, now called just TIAA, is investing hundreds of millions in US$ into
Brazilian fund Radar Propriedades Agricolas S/A co-created with giant sugar producer Cosan to
acquire land for sugarcane and other commodity crops. Cosan manages the fund, retaining first
rights to acquire parcels before Radar, through TIAA’s Brazilian subsidiary Mansilla Participacoes
Ltda, and places them on the market. By 2012, Radar acquired 392 farms in Brazil of over
150,000 ha of an estimated value over US$1 billion. TIAA invests into Brazilian farmland by a
second pathway: TIAA-CREF Global Agriculture LLC, a US$2 billion global farmland fund aimed
at Australia, Brazil, and the USA. To circumvent Brazilian law against foreign acquisitions, TCGA
invests indirectly through Tellus Brasil Participacdes Ltd., also managed by Cosan. (d) Dynamic
agriculture frontier in Brazilian Legal Amazon: cattle population by municipality and along road
infrastructure (Pacheco and Poccard-Chapuis 2012). (e) Urban areas as detected from nightlight
glow, 1992 and 2010. Note the growing periurban infrastructure through ostensibly rural areas
(Lapola et al. 2014)
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displaced to deforestation’s bleeding edge nearby or, if such land is locally unavail-
able, to distal edges in another state (Schmink 1994; Rosa et al. 2012; Chappell et al.
2013; Meyfroidt et al. 2014). Across these multiple effects, the green capitalism
Northern consumers embrace replaces rural epistemes around which forest ecologies
were previously organized (and were able to reproduce themselves in working land-
scapes to the mutual benefit of indigenous and nonhuman populations alike).

Declines in deforestation, then, are not synonymous with forest conservation. In
this case, they appear entwined with an imperial projection of unequal ecological
exchange, a recapitulation of the counterrevolutionary objectives of the Green
Revolution, a deeper history of Malthusian rationalization, and a primitive accumu-
lation by another name — “save the Earth” (Harvey 1982/2006; Freebairn 1995;
Jorgenson 2006; Foster et al. 2010; Patel 2013; Chappell et al. 2013).

Hecht (2014) spatialized these transitions:

Globalization and migration, whether regional or international, move peasant analysis away
from the livelihood dynamics of a single locality...into complex scales and nodal flows
rather than just an analysis of the dynamics of place... We don’t even really have a name for
what these sorts of rural dwellers are since the categories of urban-rural, agricultural-forest,
local-regional and national-international are so intertwined.

Without discounting Oliveira’s (2016) notion of the deeply embedded ties
between the neoliberal state and Latin-American production and a Brazil-led, south-
south sub-imperialism at odds with USA and EU hegemony, Turzi (2011) regional-
ized the associated commodities:

National borders are losing ground to a corporate-driven model of territorial organization.
The new model is dictating production conditions and infrastructural developments; rear-
ranging the geoeconomic space throughout Argentina, Bolivia, Brazil, Uruguay, and
Paraguay into a single, unified “Soybean Republic”.

We have here no deterrorialization but, as Haesbaert (2011, Craviotti 2016) con-
ceptualizes it, a reconfiguration into a multiscalar and spatially discontinuous net-
work of fluctuating territorial embeddedness. The new multiterritoriality is reflected,
as Jepson et al. (2010), Meyfroidt et al. (2014), and here Oliveira (2016) describe,
in its management, capitalization, subcontracting, supply chain substitutions, leas-
ing, and transnational land pooling:

It becomes increasingly clear that Brazilian agribusiness leaders — and those in the soybean
sector prominent among them — are new protagonists of global agroindustrial production
networks and multilateral governance institutions. This follows upon a transformation of
the very character of soybean farmers in Brazil (and Argentina). Unlike the entrepreneurial
soybean family farmers from the Midwest of the U.S., the largest and most politically pow-
erful Brazilian soybean farmers have expanded to the scale and organizational structure of
veritable agribusiness enterprises: ‘“The classic image of poor farmers and rich ranchers is
replaced by one of rural managers, most of them with university-level education, living in
cities and specialized in business management. The MBAs are replacing farmers’...

As Craviotti (2016) summarizes it, such networks are flexibly embedded into
non-contiguous biological and political territories, each node only opportunistically
attentive to local needs and expectations, although at times they are forced to be,
relying on area infrastructure or a small pool of brand-loyal contract smallholders
for local expertise and social brokering. Contracting such co-operators place to
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place produces a “fractal” geography of networks of networks. The territories in
turn are embedded into the networks.

Oliveira (2016) converges on the bet-hedging that Burch (2005) observes in hori-
zontal multinational production, wherein glitches at one site are covered by fixes at
another, but adds the financial speculation backing these food commodities. The
housing bubble driving the Great Recession in the USA, for instance,

triggered in turn a sudden rush for farmland and agroindustrial investments that seeks to
diversify production factors of agroindustrial commodities, thereby transforming both
financial and ecological volatility from structural vulnerabilities to opportunities for wind-
fall profits... In other words, expanding and broadening one’s portfolio with transnational
operations enables an agribusiness company (and financial institutions lending to or owning
stocks in agribusiness companies) to make extra profits from its operations in Brazil, for
example, when there are major droughts or financial crises in the U.S., and vice versa.

The Recession surge was no one-shot deal. Such speculation is codified in the
regional and international credit and future markets backing agricultural producers
in an increasingly volatile and lucrative sector. Such higher-order bets, Johnson
(2013; Wallace 2016a, b) observed, have long bent agricultural commodities beyond
their material qualifications as food or fuel sources delivered to global customers and
toward their marketability, money valuation, and fungibility as defined by the needs
of capital positioned elsewhere in space and portfolio. Distance, as Johnson puts it,
is measured “not in miles, but in dollars.” Perverse outcomes can prevail with virtual
crops — annual debt payments, some packaged into derivatives — at times preempting
a functional agricultural market, even well in advance of a season’s planting.

McGarth (2013) meanwhile contemporized Johnson’s industrial ecology of US
slavery, matching the state of labor rights in Brazil to the change in production’s
spatial scale:

Those liberated from slave labour in sugar cane are generally agricultural workers, most
commonly employed as seasonal workers in manual cane cutting. Most are internal
migrants; while workers experience violations of labour and employment law, these are
typically less severe among workers who are able to return home at the end of the day (or
at least the end of the week). The origin of these migrant workers has changed over the
years as the labour frontier...has shifted... The 23 slave labour cases occurred in the coastal
Northeast (where sugar has been grown since the colonial era); in areas where there were
few producers in the region (e.g., North/Northeast but not part of the coast regions); and in
areas of expansion (e.g., Centre-West).

Despite a decade-long secular shift in population from commoditized rural areas
to urban slums that continues today, the rural-urban dichotomy driving much of the
discussion around vector-borne diseases misses this rural-destined labor and the
rapid growth of rural towns into periurban desakotas (city villages) or Zwishenstadt
(in-between cities), oft-acting as both local markets and regional hubs for global ag
commodities passing through (Davis 2006; Hecht 2014) (Fig. 2.6e). Other country-
sides have turned “post-agricultural” (Lugo 2009). Metropolitan regions meanwhile
produce (some of) their own food, act as sources for rural land speculation, and act
as sinks for the semi-proletarianized cycle migration that helps import rural con-
sumption patterns (Padoch et al. 2008; Chappell 2018). The resulting informal influx
overloads urban environmental sanitation, selecting for vector-borne outbreaks at
this end of the periurban gradient (e.g., Caprara et al. 2009; Mota et al. 2016).
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As Lerner and Eakin (2011) summarize:

Segmenting the landscape into urban and rural upholds a dichotomy that is increasingly
obsolete. In many parts of the developing world, peri-urban landscapes reflect an organic
spatial heterogeneity and multifunctionality that could be an untapped resource. In these
spaces, there are unexplored opportunities for enhancing regional food security and,
through the provision of a diversity of ecosystem services, environmental sustainability...

In visually ‘rural’ landscapes, the footprint of industry nearby is reflected in polluted
groundwater and the profile of household incomes. The fusion of livelihoods is seen along
apparently urban streets, where livestock and gardens occupy back patios, and the younger
generations commute to the locations of their professional careers. In this hybrid landscape,
land use and livelihood change are in constant tension.

Such geographies affect disease. Cuong et al. (2013), for instance, reported den-
gue incidence, typically thought an urban disease, to be synchronized with a char-
acteristic area entraining Ho-Chi Minh City’s periurban and rural environs out to
50-100 km. Guagliardo et al. (2014, 2015) found urban vector Aedes aegypti in the
surrounding rural areas out to 19 km from Iquitos, the largest city in the Peruvian
Amazon. Fonzi et al. (2015) found low genetic structure in Ae. aegypti across seven
major islands of central-western Philippines, particularly across busy ports. Cargo
shipments appeared a primary mode of spread in both Peru and the Philippines.

Sylvatic dynamics are no longer constrained to the hinterlands alone. Their asso-
ciated epidemiologies are similarly relational. Almost all the mechanisms proposed
at the end of the previous section explaining how stochasticities can drive two-
dimensional epidemiologies of host and vector — metapopulation rescue, stochastic
resonance, geographic search, and the Moran effect — centered upon the shifting
scales at which outbreaks now spread across restructured landscapes, commuting
fields, and commodity webs.

Structural One Health need now include what Moench and Gyawali (2008) call
a “desakota science”: Are some commodities and their market, investment, tax, sub-
sidy, banking, infrastructure, transport, and labor contexts (Angelsen and Kaimowitz
2001; Pacheco and Poccard-Chapuis 2012; Meyfroidt et al. 2014) more associated
with land uses that favor specific vector-borne outbreaks over others? Are some
metapopulation structures produced across such commodity networks and periur-
ban ecotones more supportive of endemicity or the evolution of pathogen virulence
than others? Carvalho et al. (2009), for instance, reported landscapes dominated by
crops to be more fragmented than when dominated by pastures. What is the epide-
miology that arises out of production organized around, as one company conceptu-
alized it, “yields with no borders,” albeit structured by a new set of territorialities
and the dynamic relative positions of the different social groups and vectors in them
(Harvey 1982/2006; Craviotti 2016)?

How might we start to assimilate such a complex, fractal geography?

Much previous work on the geographic diffusion of HIV/AIDS in the USA was,
at base, deterministic although framed by probability-of-contact matrices across con-
urbations at different scales and levels of organization (e.g., Wallace et al. 1997,
1999; Gould and Wallace 1994). Here, we will extend that work to study the effects
of “noise” and policy-driven smoothing, consistent with the analyses of the previous
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sections. Emerging infections — including the vector-borne — that are not “slow
plagues” with long, asymptomatic infection periods as in HIV/AIDS will be expressed
rapidly across much smaller geographic and social venues, providing opportunities
for stochastic effects that, in the absence of “smoothing” policies, can drive emerging
spatiotemporal dynamics to extinction (Wallace 2017a, b).

Following Gould and Wallace (1994), the spread of a “signal” on a particular
network of interacting geographic sites — between and within — is described at non-
equilibrium steady state in terms of an equilibrium distribution &; “per unit area” A;
of a Markov process, where the A; scale with the different “size” of each node, taken
as distinguishable by the scale variable A, as well as by its “position” i or the associ-
ated probability of contact matrix (POCM). The POCM is then normalized to a
stochastic matrix Q having unit row sums, and the vector ¢ calculated as € = €Q.

There is a vector set of dimensionless network flows X,;, i = 1, ..., n at time ¢.
These are each determined by some relation:

X =g(te/A) (2.11)

Here, i is the index of the node of interest, X;; the corresponding dimensionless
scaled i-th signal,  the time, and g an appropriate function. Again, ¢; is defined by
the relation e = €Q for a stochastic matrix Q, calculated as the network probability-
of-contact matrix between regions, normalized to unit row sums. Using Q, we have
broken out the underlying network topology, a fixed between-and-within travel con-
figuration weighted by usage that is assumed to change relatively slowly on the time
scale of observation compared to the time needed to approach the nonequilibrium
steady-state distribution.

Since the X are expressed in dimensionless form, g, ¢, and A; must be rewritten as
dimensionless as well giving, for the monotonic increasing function F

b =G|:T,%><AT} 2.12)

i

where A, is the value of a characteristic area variate that represents the spread of the
perturbation signal at (dimensionless) characteristic time 7 = /T,

G may be quite complicated, including dimensionless “structural” variates for
each individual geographic node i. The idea is that the characteristic “area” A, grows
according to a stochastic process, even though G may be a deterministic mix master
driven by systematic local probability-of-contact or flow patterns.

We offer a simple example.

A characteristic area of an outbreak cannot grow indefinitely, and we invoke a
“carrying capacity” for the geographic network under study, say K > 0. An appro-
priate stochastic differential equation is then

dA. =[ upA (1-A /K)]dr +cA.dW, (2.13)



32 2 Modeling Vector-Borne Diseases in a Commoditized Landscape

where we take p as representing a policy-driven “smoothing” index across an ini-
tially highly irregular mosaic enterprise, subdivided by dynamic land use mode,
punctuated time frames, and so on.

Using the It6 chain rule on log(A), as a consequence of the added Itd correction
factor and the Jensen inequality for a concave function,

E(A)—>0,up<c®/2

2
o

2up

(2.14)

E(A)ZK[I— ],,upZGZ/Z

Figure 2.7 shows the form of this relation.

While zero is an attainable stochastic limit of the characteristic area below the
critical smoothing value, above that, the infection becomes endemic and, as smooth-
ing increases, may attain its greatest possible value as a pandemic.

The central inference, then, is that neoliberal or colonial smoothing of “outback”
land use practices will cause sporadic disease outbreaks that would die out rapidly
and be limited geographically to become either endemic or of significant spatial
extent. Such, in turn, are entrained into larger travel patterns and deposited in central
places, where they incubate and then spread explosively down and across social and
economic hierarchies.

We can apply such an inference to more specific hypotheses.

We might propose, for instance, an epidemiological equivalent to recent efforts
at debunking Forest Transition Theory (FTT) and its associated environmental
Kuznets curves (EKC). FTT and EKC assert a country’s environmental footprint
rises and then declines with its economic development. Wealth from agriculture
drives industrialization, attracting people to the city as to let rural areas regenerate.
Setting aside the dearth of data in support of EKC (Mills and Waite 2009; Choumert
etal. 2013; Bergmann 2017) and FTT’s dubious theoretical underpinnings (Perfecto
and Vandermeer 2010), Mansfield et al. (2010) show declines in deforestation in
actuality are dependent on the global North’s capacity to import forest and agricul-
tural products — and export the attendant environmental damage — when its econo-
mies are booming.

We can similarly hypothesize a reverse Forest Transition Theory for disease:
vector-borne pathogens associated with globalized agriculture commodities emerge
and spread at scale on global commodity webs when demand from the global north
increases. Such a hypothesis, open to empirical investigation, is likely to be at best
a first-order approximation, as diseases emerge for a variety of context-specific rea-
sons. But it is the relational nature of such a model of disease ecology, extending to
even the other side of the world, that should spur new lines of research (Wallace
et al. 2015; Friis et al. 2016). We will return to such a research program in the final
chapter.

But by any of these mechanisms driving vector-borne outbreaks, if disease out-
comes are context-driven, emerging more than merely out of the specifics of expo-
sure and infection, then successful interventions must extend well beyond
individualist, and even small-area, prophylaxes, however necessary these remain.
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Fig. 2.7 Lower limit of
the expectation for the
characteristic area of a
spreading infection as a
function of a policy-driven
smoothing measure, i.e.,
“economies of scale” that
increase the sizes of units
of production and the
scales of commodity and
labor webs across the
periurban continuum
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The latter only recapitulate the ideology behind the market atomization driving the
outbreaks to begin with (Wallace et al. 2015). But what, as Dzingirai et al. (2017)
ask, drives the drivers? In the next chapter, we explore an alternate approach to both
characterizing and intervening into disease outbreaks.
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Chapter 3
Modeling State Interventions

3.1 A Control Theory Model of Disease Control

In the context of the modern nation state, the ecology of infectious diseases cannot
be described by interacting populations alone, as much of the modeling literature
implicitly presumes (Wallace and Wallace 2016). Modern states incorporate elabo-
rate public health bureaucracies tasked with either containing or eliminating patho-
gen outbreaks. States are thus highly cognitive entities at the institutional level. It is
then appropriate, indeed arguably necessary, to reconsider vector-borne infection
from a control theory perspective.

Cognition, following the model of Atlan and Cohen (1998), involves choosing
one of many possible responses to a stimulus. Choice reduces uncertainty in a for-
mal manner, a reduction that implies the existence of an information source
(Wallace 2015, 2017).

We assume that the underlying two-dimensional disease ecosystem is in explo-
sive mode, i.e., either sudden ecosystem “smoothing” has occurred or a change in
socioeconomic policy has imposed cross-effect noise, as in Fig. 2.4 or Egs. (2.9)
and (2.10). Thus the system becomes unstable, and corrective policy must be chosen
and imposed, implying not only “control information” exists but that it is effective.

We enter the realm where information and control theories intersect. More pre-
cisely, the data rate theorem (DRT) (Nair et al. 2007) establishes the minimum rate
at which externally supplied control information must be provided for an inherently
unstable system to maintain stability. The first approximation assumes a linear
expansion near a nonequilibrium steady state, in which actors of a dynamic system
produce each other at a constant distribution. An n-dimensional vector of system
parameters at time ¢, say xt, determines the state at time ¢ + 1 according to the model
of Fig. 3.1 as
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Fig. 3.1 A linear expansion near a nonequilibrium steady state of an inherently unstable control
system, for which x,, ; = Ax, + Bu, + W, . A B are square matrices, x, the vector of system param-
eters at time 7, u, the control vector at time 7, and W, a white noise vector. The data rate theorem
states that the minimum rate at which control information must be provided for system stability is
H > log[| det[A”|], where A" is the subcomponent of A having eigenvalues >1. This is interpreted
as asserting that the rate of control information must exceed the rate at which the unstable system
generates topological information

x,,, =Ax, +Bu, +W, (3.1

A and B are fixed n x n matrices, i, is the vector of control information, and W,
is an n-dimensional vector of white noise. The data rate theorem under such condi-
tions states that the minimum control information rate H necessary for system sta-
bility is determined by the relation

H> log[ldet[A”’]I =aq, (3.2)

where, for m < n, A,, is the subcomponent of A having eigenvalues >1. The right-
hand side of Eq. (3.2) is interpreted as the rate at which the system generates “topo-
logical information.”

The essence of the DRT is the onset of instability if the inequality of Eq. (3.2) is
violated. Here we will use the rate distortion theorem (RDT) in conjunction with the
stochastic self-stabilization theorem to examine in more detail the dynamics leading
to control failure under increasing noise.

We examine the manner in which a control signal &, emitted by the control source
producing information at the rate H at time ¢ is expressed in the system response
X, 1. Assume it is possible to deterministically retranslate an observed sequence of

system outputs X' = x/,x},... into a sequence of possible control signals that is

written as U’ =ﬁf),ﬁf ,-.., and compare that sequence with the original control
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sequence U’ =ul,ul,... The difference between them has a particular value under
some chosen distortion measure:

n 1< A
d(z".2 )=;;d(zi,zi) (3.3)

so that the distortion for a sequence is the average of the per symbol distortion of the
elements of the sequence. (See Cover and Thomas (2006) for details.)
An average distortion can then be defined as

D:Zp(Uf)d(Uf,fﬂ) (3.4)

where p(U') is the probability of the sequence U’ and d(U, U') is the distortion
between U’ and the sequence of control signals that has been deterministically
reconstructed from the system output.

According to the rate distortion theorem, for certain classes of channels, there
exists a rate distortion function, R(D), that determines the minimum channel capac-
ity necessary to keep the average distortion below some fixed real number limit
D > 0. Based on Feynman’s (2000) interpretation of information as a form of free
energy, it becomes possible to construct a Boltzmann-like pseudo-probability in the
“temperature” of the control information rate H as

exp[-R/xH]dR

dP(R,.x,,H)=
( ) J:exp[—R/KH]dR

(3.5)

where the dimensionless quantity x parameterizes the degree to which the control
signal produced at the rate H is actually effective. Higher values of kH must neces-
sarily be associated with greater system channel capacity and hence less distortion
between what the control instructs and the actual system response.

The denominator can be interpreted as a statistical mechanical partition function,
and it becomes possible to define a “free energy”” Morse function (Pettini 2007) F as

©

eXp[—F/K'H]E Jexp[—R/:cH]dRzrcH (3.6)
0

so that F(xH ) = —xH log[xH].

See Chap. 5 for an introduction to Morse theory.

Then, assuming H is fixed, an “entropy” can be defined as the Legendre trans-
form of F in k,

SZF(K)—KaF/aK:KH (3.7
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The Onsager approximation of nonequilibrium thermodynamics (de Groot and
Mazur 1984) can now be invoked, based on the gradient of S in « at the fixed rate of
control information H so that a stochastic Onsager equation can be written describ-
ing the dynamics of « as

dx, = poS | oxdt +og(x,)dW, = pHdt + o g (x, ) dW, (3.8)

u is a coefficient indexing the attempt by the system — here, the modern state — to
penetrate the inevitable “fog-of-war”” confusion surrounding, in this case, regulation
during normal times and intervention during an emergency. The second term, in ¢
g(x,), is a white noise volatility measure, representing the density of that fog. Recall
that larger kH will be associated with higher R and hence smaller distortion between
intent and effect.

We have reduced the two-dimensional vector-borne pandemic to a one-
dimensional control theory problem that falls under an inversion of the simplest
version of the stochastic stabilization theorem, i.e., sufficiently large system “noise”
o can drive k to zero, a converse of the previous argument, as small kH will violate
the strictures of the DRT, releasing the pandemic outbreak.

The appearance of the log term in Eq. (3.2) suggests the possibility of a
nuanced — if heuristic — approach that applies the Itd chain rule to log[x] using
Eq. (3.8), providing a more detailed picture of system failure. Since the log is a
concave function, Jensen’s inequality (Cover and Thomas 2006) implies that, in
terms of the expectation E, we again have

log[E(x)] > E(log[x]) 3.9

so the procedure produces a lower limit for the expectation of k, remembering that
sufficient noise ‘tests the limit’, driving it essentially to zero.

We assume g (K) =k’ +a’ inEq. (3.8), so that there is residual volatility even
for small «. This produces the stochastic differential equation:

dx, = uHdt +ok* +a’ dWw, (3.10)

Expanding log[x,] using the It6 chain rule gives a relation

2

dK(t)/dt:uH—%K(t)cz—

2
GO: (3.11)

1
21(()

where the terms in o represent the typical 1t6 correction factor. Recall that d log(x)/
dt = (1/x)dx/dt. We are, then, calculating the dynamics of E(log[x]) and making a
heuristic application of Jensen’s inequality to estimate a lower limit on E(x).

There are two nonequilibrium steady-state (nss) solutions characterizing
lower-limit dynamics. Some exploration using the DEploy tool of the computer
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algebra system Maple shows the larger solution is stable but declines with increasing
o. The smaller solution increases monotonically with ¢ but is not stable, either col-
lapsing to zero or rising to the larger NSS. The expectations satisfy inequalities

. uH+\H 1’ —o’c?

E(KLa)_
o (3.12)
H_ HZ 2_a20_2
E(xy, )2 25 =

This result represents a parsing of stability conditions beyond the stochastic sta-
bility theorem. However, if H 4 < ac?, the two branches coalesce, and no stability is
possible. Thus we recover a further necessary condition for stability as

2
ao

u

H> (3.13)

Violation of this condition drives the “effectiveness” parameter « to zero, sug-
gesting, in the next section, another iteration of the data rate theorem.

3.2 A Cognitive Model of Disease Control

The data rate theorem argument we presented in the previous section suggests a
greater probability that a stabilized pathogen system will transition to unstable
behavior if the temperature analog xH falls below a critical value.

We can extend the perspective to more complicated patterns of phase transition
via the “cognitive paradigm” of Atlan and Cohen (1998), under which a system,
such as the modern nation state exercising public health power, is considered cogni-
tive if it compares incoming signals with a learned or inherited picture of the world,
then actively chooses a response from a larger set. Choice, as we described in the
previous section, implies the existence of an information source, as it reduces uncer-
tainty in a formal way (Wallace 2015, 2017).

In the section above, we introduced the notion government public health policy
engages in such group cognition. Given such a “dual” information source — govern-
ment vs disease — associated with such an inherently unstable cognitive system of
interest, an equivalence class algebra can be constructed by choosing different sys-
tem origin states and defining the equivalence of subsequent states at a later time by
the existence of a high-probability path connecting them to the same origin state.

Disjoint partition by equivalence class, analogous to orbit equivalence classes in
dynamical systems, defines a symmetry groupoid associated with the cognitive
process (Wallace 2015, 2017). Groupoids are generalizations of group symmetries
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in which there is not necessarily a product defined for each possible element pair
(Weinstein 1996). An example would be the disjoint union of different groups.

See Chap. 5 for an introduction to groupoid theory.

Nation states are comprised of functional nodes — different agencies, different
competing interests — which must connect and collaborate to solve a societal prob-
lem or remain disconnected and fail to act (Chappell 2018). How the nodes connect
determines whether group cognition can be turned onto a public health problem.

The equivalence classes across possible origin states define a set of information
sources dual to different cognitive states available to the inherently unstable cogni-
tive system. These create a large groupoid, with each orbit corresponding to a transi-
tive groupoid, whose disjoint union is the full groupoid. Each subgroupoid is
associated with its own dual information source, and larger groupoids must have
richer dual information sources than smaller.

Let X; be the system’s dual information source associated with groupoid ele-

ment G;. We next construct a Morse function (Pettini 2007) in a standard manner,
using 7' = kH as a temperature analog.
Let H (XG ) = H, be the Shannon uncertainty of the information source

associated with the groupoid element G;. Define another Boltzmann-like pseudo-
probability as

P[H ] exp[—HGi /T:| (3.14)

Zjexp[—HG’ /TJ

where the sum is over the different possible cognitive modes of the full system.
Another “free-energy” Morse function F' can then be defined as

exp[-F/T]= ZCXP[_HG, /TJ
' (3.15)

F=-Tlog {ZJ: exp| -H, /Tﬂ

As a consequence of the underlying groupoid-generalized symmetries associated
with high-order cognition, as opposed to simple control theory, it is possible to
apply an extension of Landau’s version of phase transition (Pettini 2007). Landau
argued that spontaneous symmetry breaking of a group structure represents phase
change in physical systems, with the higher energies available at higher tempera-
tures being more symmetric. The shift between symmetries is highly punctuated in
the “temperature” index T = kH — but in the context of groupoid rather than group
symmetries.

Based on the analogy with physical systems, there should be only a few possible
phases, with highly punctuated transitions between them as the fog-of-war
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“temperature” T decreases, either as the effects of “friction” become manifest,
decreasing «, or by decline in the rate of control information H .

For nonergodic systems the groupoids become trivial, associated with the indi-
vidual high-probability paths for which an H-value may be defined, although that
cannot be represented in the form of a Shannon “entropy” (Khinchin 1957, p. 72).

The policy implications orbit about the institutional control parameter xH.
Minimal erosion in the parameter — a variance in regulation here, a corrupt blind eye
there, tolerating some minor intimidation of local dissent or an outright campaign of
murdering environmental activists (Global Witness 2014) — can trigger a very sud-
den collapse in disease control. Under such a regime, enforcement efforts, once the
disease carrier — here a mosquito population — has escaped, need to be ramped up to
an extreme level just to get atop a spreading outbreak that has broken across thresh-
olds in populations infected and geographic space. Such punctuated dynamics may
well involve considerable hysteresis, the complication of long-trailing effects across
the system, once initial barriers to infection fall.

The implication here is that good governance, protected agricultural commons,
farmer autonomy, conservation agroecology, urban public health, community resil-
ience, and biocontrol are foundationally integrated (Hanspach et al. 2017; Rotz and
Fraser 2015; Wallace et al. 2018).

3.3 A Ratchet Mechanism

Disease outbreaks are rarely about the pathogen or clinical outcomes alone in cause
or effect. An outbreak can drive the very conditions that brought about its initial
emergence into a new phase or degrade a government’s capacity to respond.

Recall the derivation of Eq. (3.6), in terms of the rate distortion function of the
channel connecting the controller with the system under control:

©

exp[~F /xH]= [exp[-R/xH]dR =xH =T (3.16)

0

We suppose that T'is fixed, but T — T+ A, 0 < A « T. Thus
exp[—F/(T+A)|=T+4 (3.17)

and we can define a new “entropy” as S = F(A) — A d F/0 A leading to the stochastic
differential equation:

HA
T+A

t

dA =

t

dt +GAdW, ~ %Atdt +GAdW, (3.18)
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where u is a new ‘diffusion coefficient’ and ¢ a new ‘noise’ parameter and dW,
represents the usual white noise, and we have used the condition that 0 <A < T'.
Applying the stochastic stabilization theorem,

lo
limM —<0 (3.19)
11— t
unless
1,
ulT>—o
22 (3.20)
T < —é’
lo}

This places an upper limit on 7T = kH . More importantly, it establishes the
possibility of a public health analog to an economic ratchet.

Suppose “structural adjustment” or other neoliberal policy triggers a reduction in
the ability of a polity to implement public health measures, so that 7 declines in the
face of endemic or episodic disease. The resulting rise in disease prevalence and
incidence then causes social disintegration that increases o so that the disease out-
break itself interferes with the ability to carry out needed public health interven-
tions. T then declines even further, o rises again, the outbreak becomes more severe,
and a race to the bottom ensues. Hemorrhagic fevers, SARS, and MERS-CoV offer
classic nosocomial examples, but such ratchets can extend beyond the hospital set-
ting and across the social fabric, from mosquito control to the very function of the
state (Ho et al. 2003; De Waal 2003; Fisher-Hoch 2005; Whiteford and Hill 2005;
Shin et al. 2017).

3.4 Effectiveness, Efficiency, and Their Synergism

The argument above can be made more precise by abducting an approach from the
Arrhenius treatment of reaction rates, where the rate at which resources are pro-
vided is the temperature analog. Using this method we can examine the classic
conflict between efficiency and effectiveness so often commented on in the manage-
ment science literature. In addition, we can study their synergistic interaction.
“Public health” is the result of collaboration across a number of institutional enti-
ties in the control theory sense leading to Eqgs. (3.5) and (3.6), indexed as j = 1...n.
Each entity consumes resources at some rate M; under an overall constraint M — Y

M; =0, and we are interested in the response rate of each entity, above some “action
trigger threshold.” For such entities the response rate will be proportional to the
probability that the channel rate distortion function connecting entity to outcome is
greater than some “action threshold” R;) :
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-R,/ M, |dR,
PR, >R']- I:?eXp[ 1M, Yo% =exp[-R! /M, | (3.21)
["exp[-R; /M, Jdr,

The effectiveness and efficiency of a particular entity can then be expressed as
the two quantities

exp [—R_? /M]}
exp[—R;’ /Mj] (3.22)
M.

J

Short-term goals in public health surround effectiveness, while long-term plans
are confronted with the need to maximize efficiency, i.e., the expression

Z exp [—R? M, J / M ; under the overall constraint on resources provided to public
j

health measures, M — ), M; = 0.
Paying dues to the economists, we first examine efficiency.
Let

-R°/M,
LEZM”(M—ZMJ} (3.23)

where 1 is the Lagrange undetermined multiplier.
The gradient equations determining the maximum of efficiency under the
resource constraint are then

R) exp[ R} /M | ) exp[ R / M, | L,
M M’ N

M= ZM]. (3.24)

OL/oM = A

where, abducting arguments from physical theory, 4 is taken as an inverse response
temperature. Figure 3.2 shows a single term for R;,) =0.5 overtherange 0 <M < 1.

It is easy to show that 2 =0 for M, = R}.

For negative response temperature, i.e., d L/0 M = 4 < 0, the individual M; can
become unconstrained, closely analogous to the excited state of a “pumped” physi-
cal system like a laser. As a consequence, if the disease outbreak “gets inside the
command decision loop” of the bureaucratic entities constituting the “public health”
response, so that 4 becomes negative, then resource demands cannot be met under
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Fig. 3.2 Optimization relation of the second term of Eq. (3.24) for a single module with R, = 0.5.
For positive response temperature, 4 > 0, the M; is constrained and the condition M = }’; M; can be
met. For negative response temperature, the M; can become unconstrained, like the excited state of
a “pumped” physical system, for example, a laser. If the disease outbreak “gets inside the com-
mand decision loop” of the bureaucratic entities constituting the “public health” response, so that
A < 0, then resource demands cannot be met under the constraint relation, and the infection out-
break proliferates until it burns out

the constraint relation, and the infection outbreak will proliferate until it burns out
or becomes high-level endemic.

Efficiency is only one aspect of public health intervention. In the face of a spread-
ing pandemic with high morbidity and mortality, effectiveness becomes paramount.
Then we must optimize

L= exp[-R} /MJ.]—){ZMI. —M} (3.25)

leading to the relation R} exp[-R} /M, /M = as shown in Fig. 3.3. Here, 4 is

never negative, but small values imply unconstrained demand for resource M;, an
impossible condition.

Again, while Fig. 3.2 may apply to long-time strategic time scales, Fig. 3.3 is
more appropriate to tactical “do-or-die” time frames.

More generally, strategy, the long-time frame, and tactics, the immediate chal-
lenges, will become synergistic, leading to optimization of the product term:

exp[—R? /Mj]exp [—R;) /M]} exp [—ZR;) /Mj]
M, - M

J J

(3.26)
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This gives a functional form exactly like Fig. 3.2 but with the node 4 = 0 at ZRE)
instead of R!.

The implication, at both tactical and strategic scales, is that sufficient “structural
adjustment” or unconstrained agroecological exploitation in the face of stagnant
“public health” resources can allow disease outbreaks to proceed more rapidly than
a weakened state bureaucracy can respond. It appears an obvious point often lost:
diseases are more than objects on which we act. Some are capable of degrading the
very public health capacity they attract.
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Chapter 4
Implications for Disease Intervention
and Modeling

4.1 A Political History of Vector-Borne Infection

The epidemiological fates of novel and long-circulating diseases depend on their
context, a causality found in the field as much as in the object (Dobson and Carper
1996; Wolfe et al. 2007; Wallace 20164, b; Jones et al. 2017).

In the formalism presented here, we described the manifold effects of environ-
mental stochasticity as captured by a system of 1t6 stochastic differential equations
imposed upon a vector-pathogen-host system, a context embodying the complexity
and diversity of forest interactions and urban public health. Given a particular shift
in the pattern of “noise,” a pathogen population in such a system can become sud-
denly destabilized, with sequentially rising peaks a characteristic outcome.
Following a modeling literature back to Ross (1911), the result implies that depend-
ing on its source — in this case, agroecological practice and urban policy —
environmental noise can promote as much as retard pathogen population growth.

As a matter of principle, such a result is all well and good, but in terms of inter-
ventions by which a government might pursue, how exactly is this epidemiological
noise embodied? Alongside “ecological” inputs, such as nonhuman vertebrate
hosts, vector species competition, and geographic variation in vector competence,
much attention has been paid to social and environmental factors, including cli-
mate change, urbanization, water storage practices, human migration and transpor-
tation, mosquito-proof housing, and insecticide resistance (Lindsay et al. 2002;
Carlson et al. 2016; Tabachnick 2016; Ali et al. 2017; Shragai et al. 2017; Weber
et al. 2017).

These are clearly important factors. At the same time, many are proximate and
even consequentialist in bias, the latter associated with an outbreak only long after
a pathogen emerges. Whatever their point of entry, the bulk of factors are themselves
structured by the ostensible geological force into which capitalism, here specifically
in its agroeconomic and urban manifestation, has developed (Foster et al. 2010;
Moore 2015; Wallace et al. 2016; Muntaner and Wallace 2018; Wallace et al. 2018).
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A government at the mercy of global capitalism may choose to intervene at the more
proximate levels, as our control theory modeling here addresses, even if as much to
save face as to protect its populace. Few epidemiologists would object to a decision
to provide the expenditures necessary to drain standing pools of water in which
mosquitoes breed in the cities. But what of the adjunct conundrum? International
financial institutions routinely impose structural adjustment programs that in return
for stopgap loans require defunding these very domestic public and animal health
programs (Pfeiffer and Chapman 2010; Enticott et al. 2011; Amankwah et al. 2014;
Wallace et al. 2015; Sparke 2016).

Pathogens rarely cooperate with such political economies. The webs of causality
run across biocultural domains, including molecular, natural selection, agroecology,
and circuits of capital driving development and deforestation. One can start an
explanation for an outbreak at any point along these networks, whose modeling and
variables inputted are fundamentally social decisions (Levins 1998). For vector-
borne diseases, we can begin where many research groups focus. Vittor’s group
(2006, 2009), for instance, layers a variety of proximate socioecological inputs from
agricultural source to urban sink, which Vittor (2016) summarizes:

We found that deforestation followed by agriculture and regrowth of low-lying vegetation
provided a much more suitable environment for the malaria mosquito carrier than pristine
forest. Increasing urbanization and poverty create a fertile environment for the mosquitoes
that spread dengue by creating ample breeding sites. In addition, climate change may raise
the temperature and/or humidity in areas that previously have been below the threshold
required for the mosquitoes to thrive... Urbanization, changing climate, air travel and trans-
portation, and waxing and waning control efforts that are at the mercy of economic and
political factors have led to these mosquitoes spreading to new areas and coming back in
areas where they had previously been eradicated.

Much work has shown urbanized pockets of poverty, in conjunction with poor
sanitation, poor drainage, and standing water, to be terrific breeding sites for mos-
quitoes (e.g., Caprara et al. 2009; Mota et al. 2016). Structural adjustment has
degraded surveillance efforts and ended many a control effort, permitting mosqui-
toes freer range, especially the adaptable Ae. aegypti, which lays quiescent eggs, can
oviposit in multiple places, and bites many times in a single gonotrophic cycle. A
burgeoning literature imputes this “downstream” degradation as the neoliberal pro-
gram operationalized (Nading 2014; Kelly and Lezaun 2014; Kentikelenis et al.
2014; Johnson 2017; Dzingirai et al. 2017).

It was by virtue of this shifting context that Weaver and Reisen (2010) predicted
imminent spikes in arboviruses:

Perhaps the greatest health risk of arboviral emergence comes from extensive tropical ur-
banization and the colonization of this expanding habitat by the highly anthropophilic (at-
tracted to humans) mosquito, Aedes aegypti. These factors led to the emergence of
perma- nent endemic cycles of urban DENV and chikungunya virus (CHIKV), as well as
seasonal interhuman transmission of yellow fever and Zika viruses...

There is reason to believe that additional viruses such as [Venezuelan equine encephalitis
virus], [Zika virus] and [Mayaro virus] have the potential for urbanization, which could
have devastating public health consequences, especially in the Western Hemisphere, where
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there is no herd immunity. The movement of rural Aedes and Culex vectors and their hosts
into urban and peridomestic environments allow effective amplification within simplified
transmission cycles in close proximity to humans.

Weaver and Reisen placed the urbanization of the viruses and their vectors in its
socioeconomic context:

The tropical urbanization that has accelerated since World War II, combined with the mul-
tiple interhemispheric introductions of both Ae. aegypti and Ae. albopictus, has greatly
increased the population densities and geographic ranges of these vectors. Ae. aegypti is
especially aided by poverty when the lack of municipal water services results in intradomi-
ciliary water storage and the lack of trash collection results in the accumulation of waste
receptacles that hold rainwater to support larval development.

After more than a hundred years of social geographies of vector-borne diseases,
the role poverty plays is at this point a veritable scientific law, even as the specifics
differ place to place. In a summary of the literature, including Angelo Celli’s (1900,
1925) seminal work, Chaves (2013) connects the spread of the latifundia model of
land development to deforestation, epidemiological shocks, and back again to land
expropriation:

Deforestation has also been long recognized as one of the major drivers for the emergence
of infectious diseases affecting humans, with studies documenting the emergence of
malaria, leishmaniasis and yellow fever shortly after large scale land use changes. An addi-
tional insight from the study of the association between malaria emergence and deforesta-
tion was the correlation of malaria endemicity with the formation of latifundia, i.e., the
accumulation of land tenure by a small number of landowners, a pattern observed both in
the Agro-Pontino Romano for centuries, and Spain during the 1930s.

More specifically, it has been suggested, and documented, by the long historical records for
the Roman Agro-Pontino, that deforestation and agricultural development led to ideal con-
ditions for the development of mosquito vectors of malaria parasites, a fact biologically
instantiated by ecological research over recent years. The debilitating effects of malaria on
farmers reduce their ability to harvest crops and lead to the sale or abandonment and adju-
dication of land by healthier and/or wealthier landowners that will underutilize land as
latifundia, i.e., large states whose exploitation, because of the landmass size, require the
labor of workers who do not own the land. When land cover is primarily forested, land
tenure can be redistributed for agricultural exploitation, and in turn result in a repeated
cycle of agricultural exploitation, malaria transmission and latifundia formation.

The latifundia model of social reproduction, and, as a growing literature indicates,
its neoliberal analogs, can promote disease emergence, while, in the other direction,
in a variation of the ratchet process modeled in the previous chapter, disease out-
breaks can drive the very consolidation that selected for them. Chaves (2013) simu-
lates the process by coupling a susceptible-infected-susceptible transmission model
to a deterministic transition matrix across landowners and land parcels, concluding:

Our simulations showed that two key elements of Celli’s original hypothesis are, indeed,
fundamental to the formation of latifundia: (i) the decreased utility of land exploitation by
the reduced labor ability of sick landowners...and (ii) differences in the risk to acquire
infections. In that sense our model can mechanistically confirm one of the main observations
made by Celli, i.e., that people that were protected from disease transmission were more
likely to either conserve and/or purchase land from people that were susceptible to disease
transmission...
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These results suggest that inequities in the protection against a disease, for example the use
and access to disease prevention devices, can promote further socio-economic inequities in
societies where a disease is endemically persistent or has frequent epidemics. This phe-
nomenon has been observed in malaria, where inequities in access to insecticides treated
nets can feed positive feedback loops further increasing socio-economic differences within
a host population.

In essence, pathogens indirectly act as veritable bioeconomic weapons that initi-
ate new rounds of land grabbing and wealth concentration, a highly unstable system
of positive reinforcement. [jumba and Lindsay (2001) propose such mechanisms
may arise in part out of a “paddies paradox” whereby, in their studies, large-scale
irrigation projects are themselves malaria neutral, selecting for less anthropophilic
Anopheles mosquito spp., but appear to drive malaria in outlying regions, including
highlands and desert fringes, whose populace host lesser herd immunity and have
little access to bed nets and healthcare.

Chaves’s group (2008) extends the descriptions of these processes to more
explicitly connect the proximate social ecologies many researchers favor to the
mechanisms of expropriation at the core of both plantation economies and neolib-
eral production:

The association between outbreaks and forest clearance, higher risk for populations living
close to forests, and the absence of [American Cutaneous Leishmaniasis, another vector-
borne disease] from urban settings has led to the proposal that it will disappear with the
destruction of primary forests. This view ignores the complex nature of deforestation as a
product of socioeconomic inequities...

Contrary to the established view, living close to the forest edge can diminish the risk pro-
vided other factors are taken into account. Additionally, differences in vulnerability to cli-
matic variability appear to interact with forest cover to influence risk across counties where
the disease has its largest burden. Incidence exacerbation associated with El Nifio Southern
Oscillation is observed in counties with larger proportions of deforestation.

Chaves et al. explicitly connect deforestation, commercial agriculture, and social
marginalization to the sudden success of a vector-borne pathogen:

The risk of infection is diminished among those living close to forests, an unexpected pat-
tern in light of previous studies on the role of this habitat type. The pathway by which social
marginalization promotes transmission of Leishmania in this context probably is linked to
a major environmental problem affecting the tropics: destruction of forests and associated
biodiversity.

Forest clearing worldwide, and especially in Costa Rica, is concurrent with development of
large scale commercial agriculture, including monocultures of several commercial crops
where ACL is clustered, and with accelerated human population growth. This shift towards
market-based agricultural production and rapidly expanding population is associated with new
inequities in land tenure, increased numbers of landless peasants, and hence further pressure to
cut down forests for local subsistence agriculture and extraction of other natural resources...

Clearly reversing deforestation is a necessary step in retaining ecosystemic
services, biocontrol among them. But conservation is insufficient as both deforesta-
tion and reducing deforestation — the very green model millions support as Earth’s
salvation — are presently pursued on the neoliberal model of land expropriation and
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“efficient” agriculture intensification (Perfecto and Vandermeer 2010; Patel 2013).
The forest embodies more than the number of trees conserved or lost. Preserving
what the forest does, as opposed to what it is, must be grounded in a different epis-
teme. A growing literature connects such matters of ownership and kinds of agricul-
tural production to ecological outcome.

A meta-analysis by Gonthier et al. (2014) showed plant species richness
increases with less intensive local management, while vertebrate richness increases
with landscape complexity. Invertebrate richness responds to both. Chappell et al.
(2013; Chappell 2018) found when supported by physical and human capital, with
effective control of land transferred to peasants and governed in Ostrom-like com-
mon (Ostrom 1990; Allen et al. 2011), small-scale agroecological farming across
complex land use mosaics in Brazil and elsewhere contributes to yields, farmer
incomes, and conservation at local and landscape levels. A variety of ecosystem
services are promoted, including wildlife diversity, agrobiodiversity, wildlife cor-
ridors, seed dispersal, pollination services, carbon sequestration, buffer zones, pol-
lution control, and pest and disease control.

Along with price controls and subsidies, community resilience can be built-in as
a landscape basic. A diversity of produce within and across farms, by Milpa polyc-
ulture in Mexico, for instance, means that food remains available even when pro-
duction proves seasonally unprofitable.

4.2 Modeling Capital-Led Epidemiology

Can these insights be teamed with the model approaches presented here to help
introduce new lines of disease study and intervention? Is there room for a social
epizoology and what might it look like?

An immediate possibility is that stochasticity can be put to work. In a compre-
hensive review of stochastic models in epidemiology, Isham (2005) notes that:

Models will often need to incorporate intrinsic stochasticity. Thus, not only is there the
long-acknowledged need to incorporate uncertainty in parameter values — generally
achieved via a numerical sensitivity analysis — but, more importantly, the fact that the size
of a population of infected hosts or of infecting parasites within a single host is random and
integer-valued has many important consequences.

Among them, population stochasticity can be deterministic in origin and effect
(Lewontin and Levins 2007). Here we explored the role dominant embedding socio-
economic paradigms play in deterministically imposing stochastic structures defin-
ing epidemic and pandemic dynamics. In two or more dimensions, the same
underlying model — here for a host and vector system — can be driven either to
extinction or explosion by different patterns and amplitudes of environmental “noise.”

Under one noise framework, mosaicking geographies and ecosystemic functions
stabilize disease systems, while smoothing them out with economies of scale explo-
sively destabilizes them. Diseconomies of scale of grave damage routinely accompany
the latter. Simply the erosive removal of mosaicking in space, time, and/or agroeco-
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logical mode, or, at the other geographical terminus, defunding urban environmental
sanitation, can be sufficient to trigger an explosive pathogen outbreak. On the other
hand, for dimensions two or greater, a structural shift to certain kinds of cross-influ-
ence noise will, after an amplitude threshold, drive explosive outbreaks. There are a
number of possible mechanisms for the latter: by metapopulation rescue, synchro-
nized bursts of vector population and host availability, a surge in characteristic area
that shifts the system off its demographic floor or helps select for a better fit between
host and vector, or a socioeconomic Moran effect that overlaps environmental noise
for host and vector.

The details will be ecosystem-specific and may be counterintuitive. That is, what
seems a “simple” or even “minor” adventure in agroecological exploitation or urban
planning may prove to be neither in a complex ecosystem.

With Ross (1911) and his followers, public policy and its intertwinings with
socioeconomic structure under the rubric of “public health” were discovered to
determine the fundamental parameters of deterministic models of vector-borne dis-
eases. One can, then, by proper vector control in a socioeconomically stable con-
text, drive Zika, malaria, and other vector-borne pathogens to very low endemic
levels, even to local extirpation.

Neoliberal and other kinds of exploitation can scramble long-selected patterns and
processes associated with said protection even when “public health” measures are kept
in place. That interference alone may suffice to trigger explosive outbreaks of even pre-
viously marginalized vector-borne infections or ratchets in public health degradation. In
reality, of course, both the agroecological context defining mosquito dynamics and the
public health programs ostensibly directed to countermand them suffer from ideologi-
cally driven structural adjustment. Zika will unlikely be the last “new infection” to ger-
minate in the neoliberal plantations and periurbanized slums of the global south.

We should be able to better conceptually assimilate, and with the right political
alignment even reverse, such trajectories. Economic-geographic markers of global
capitalism’s impacts upon agricultural landscapes (including the pathogens within)
can be operationalized in terms of the ecosystem services lost or gained — environ-
mental stochasticity’s biocontrol among them. For instance, we might set such
broadly painted political economies in absolute geographies that include hectares
leased to multinationals per total agricultural area, the number of farms consoli-
dated in the past decade, and the volatility of the prices of food commodities grown
for multiple markets domestic and export.

On the other hand, agroeconomics and associated diseases are marked by
relational geographies across industrial regions and sectors (Cummins et al. 2007;
Bergmann 2013; Wallace et al. 2015, 2016; Bergmann and Holmberg 2016;
Bergmann 2017). Landscapes are entrained by transnational commodity chains and
circuits of capital, including financial and productive circuits, with critical local
effects. Products from globalized croplands, forests, or pastures eventually contrib-
ute to consumption or capital accumulation in other countries. Other landscapes are
enmeshed primarily within local circuits of production and exchange. Bergmann
and Holmberg (2016) extend analysis beyond characterizing landscapes that directly
produce traditional agricultural exports to identifying the forests and fields that are
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part of commodity webs supporting export-oriented development, producing goods
or services for international markets. The team further differentiates foreign con-
sumption/accumulation of “direct” agricultural goods, processed agricultural goods,
manufactured goods as far afield as electronics and vehicles, and services, including
air transport, insurance, and education. Bergmann (2013, 2017) extends these rela-
tional geographies to carbon emissions and labor intensity.

How these economic circuits structure disease ecologies — marketization, expan-
sion of processing industries and infrastructure needed to scale up the market areas,
and potential uses of given agriculture, increases in scale of parcel size and mono-
cultural uniformity — is a matter of ongoing research. Such broad impact — as mea-
sured by way of the life cycle analyses, ecological footprinting, and input-output
analyses of industrial ecology — might produce large-scale ecosystemic shifts that
set off spikes in pathogen population or cladogenesis, inducing new patterns of
transmission, virulence, and endemicity. That is, through specific commodities or
bundles thereof, changes in policy or socioeconomic structure can trigger a large-
scale biological logic gate that frees a pathogen that up to an outbreak had been held
at a low endemic level (or had not previously evolved) (Wallace et al. 2016).

Higher-order shifts along global circuits of capital domestically interpenetrate
land-use changes that disconnect (and reconnect) local epidemiologies across host
species. Even if by capitalism’s impacts those relationships have changed in scale
and effect, disease, culture, ecology, and power have long interpenetrated each
other. From civilization’s origins, and multiple reinventions, such shifts have repeat-
edly selected for novel outbreaks, of which Zika and other novel and reemergent
vector-borne pathogens appear on a growing list of recent examples (McNeill
1977/2010; Dobson and Carper 1996; Wolfe et al. 2007; FAO 2013; Engering et al.
2013; Wallace et al. 2015).

Contrast such a proposed program in research and intervention with cost-
effectiveness analysis, much of which implicitly accepts the premises of a social
system of extraordinary inequity whose operational directives facilitate the repeated
emergence of vector-borne infections to begin with (e.g., Owen et al. 2012; Tozan
et al. 2014; Golding et al. 2015; Shim 2016). Even as some such analyses favor
massive expenditures in virus control to preclude, for instance, Zika’s clear medi-
cal burden (Alfaro-Murillo et al. 2016), and others make the distinction between
productive and allocative efficiencies (Segall 2003), the preponderance of such
research organizes an ethics of economism around minimizing immediate expendi-
tures for particular institutions first, rather than protecting communities or address-
ing the structural expropriation that produces the very artificial scarcities these
analyses ostensibly address (Farmer 2008; Sparke 2009; Chiriboga et al. 2015;
Sparke 2017).

Other modeling frameworks arrive at similarly problematic conclusions.
Coleman et al. (2001) appropriate the agricultural concept of endemic stability for
a broader range of diseases. The stability is defined as a population state in which
clinical disease is rare even as the level of infection is high. In some parts of such a
disease parameter space, partial intervention, retarding the force of infection, can
exacerbate disease incidence by weakening herd immunity. Sometimes doing noth-
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ing may be the best intervention. Some groups have proposed just letting Zika,
which causes little clinical expression in most cases, burn out as the best approach
(Ferrara 2016).

While clearly the ecological damage in eliminating mosquito spp. need be
avoided — from indiscriminate pesticide application to disruptions in food webs —
the epidemic of poverty-associated microcephaly and the reciprocal activation
Zika shares with dengue make “doing nothing” here unconscionable. Austerity pro-
grams — and transgenic fixes — are by no means the only way to circumvent the
environmental damage associated with pesticide-led interventions. Community-
and region-level interventions in housing, sanitation, and other social and ecological
determinants of health specific to vector-borne infection can have profound impact,
including eliminating disease (David et al. 2007; Taylor 2009; Arunachalam et al.
2010; Bermudez-Tamayo et al. 2016; Costa et al. 2017; Xu et al. 2017). Another
science has long been possible.

Epistemologies, even deep into their mathematical formalisms, however useful
they may be, are political in nature (Levins 1998, 2006; Winther 2006; Wallace
2011; Schizas 2012; Nikisianis and Stamou 2016). Control theory as deployed here,
for instance, represents an anti-neoliberal model of intervention if only because it
assumes state intervention in favor of the commons. In this case, it presumes a pub-
lic good in preserving the veritably free stochastic ecosystemic services even
human-integrated forests provide and that fairly cheap public health and sanitation
services can impose upon cities, short-circuiting disease transmission before an out-
break. Capital, in contrast, treats nature as a competitor over the right to supply
ecosystemic services and appears maneuvering to turn more than just now-bottled
water into fictitious commodities (Polanyi 1944/2001; Jaffee and Newman 2013;
Wallace 2017). Agribusiness has already stripped out ecosystems to its financial
advantage, more than just growing export crops, but also by commoditizing soil
fertility and pest control into inputs for which farmers must turn over nearly the
totality of their revenue (Wallace 2016a, b; Qualman 2017; Chappell 2018). One
need not oppose pharmaceuticals and other prophylaxes as a class to see such efforts
appear now to extend to the means by which to address the very pandemics the food
sector helps generate.

Mirowski (2009, 2015) framed such machination in decidedly stark terms, with
foundational implications for the practice of science:

The market (suitably reengineered and promoted) can always provide solutions to problems
seemingly caused by the market in the first place. This is the ultimate destination of the
constructivist orientation within neoliberalism. Any problem, economic or otherwise, has a
market solution, given sufficient ingenuity: pollution is abated by the trading of emissions
permits; inadequate public education is rectified by vouchers; auctions can adequately
structure communication channels... Poverty-striken sick people lacking access to health-
care can be incentivized to serve as guinea pigs for clinical drug trials... Because the mar-
ketplace is deemed to be a superior information processor, all human knowledge can only
be used to its fullest if it is comprehensively owned and priced.
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Pathogens, fast-evolving, some threatening billions outside expedient models of
risk, routinely refuse to cooperate with such a lucrative metaphysics, infecting peo-
ple who cannot pay market rates with diseases the market cannot cure.
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Chapter 5
Mathematical Appendix

5.1 Morse Theory

Morse theory examines relations between analytic behavior of a function — the
location and character of its critical points — and the underlying topology of the
manifold on which the function is defined. We are interested in a number of such
functions, for example, information source uncertainty on a parameter space and
“second-order” iterations involving parameter manifolds determining critical
behavior, among them the sudden onset of a giant component in a network model.
To present some of the basics here, we follow Pettini (2007).

The central argument of Morse theory is to examine an n-dimensional manifold
M as decomposed into level sets of some function f: M — R where R is the set of
real numbers. The a-level set of fis defined as

f‘l(a):{xeM:f(x):a},

the set of all points in M with f(x) = a. If M is compact, then the whole manifold can
be decomposed into such slices in a canonical fashion between two limits, defined
by the minimum and maximum of f on M. Let the part of M below a be defined as

M,=f" (—oo,a]={xeM:f(x)Sa}.

These sets describe the whole manifold as a varies between the minimum and
maximum of f.

Morse functions are defined as a particular set of smooth functions f: M — R as
follows. Suppose a function f'has a critical point x,, so that the derivative d f (x.) = 0,
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with critical value f (x.). Then f is a Morse function if its critical points are
nondegenerate in the sense that the Hessian matrix J of second derivatives at x,,
whose elements, in terms of local coordinates, are

2 i j
Ji,j=6 flox'ox’,

has rank n, which means that it has only nonzero eigenvalues, so that there are no
lines or surfaces of critical points and, ultimately, critical points are isolated.

The index of the critical point is the number of negative eigenvalues of J at x.. A
level set f~!(a) of fis called a critical level if a is a critical value of f, that is, if there
is at least one critical point x, € f~!(a).

Again following Pettini (2007), the essential results of Morse theory are as
follows:

1. If an interval [a, b] contains no critical values of f, then the topology of f~'[a, v]
does not change for any v € (a, b]. Importantly, the result is valid even if fis not
a Morse function, but only a smooth function.

2. If the interval [, b] contains critical values, the topology of f/~![a, v] changes in
a manner determined by the properties of the matrix J at the critical points.

3. If f M — R is a Morse function, the set of all the critical points of fis a discrete
subset of M, i.e., critical points are isolated. This is Sard’s theorem.

4. If f M — R is a Morse function, with M compact, then on a finite interval [a,
b] C R, there is only a finite number of critical points p of f such that f (p) € [a,
b]. The set of critical values of fis a discrete set of R.

5. For any differentiable manifold M, the set of Morse functions on M is an open
dense set in the set of real functions of M of differentiability class r for 0 < r < co.

6. Some topological invariants of M, that is, quantities that are the same for all the
manifolds that have the same topology as M, can be estimated and sometimes
computed exactly once all the critical points of f are known: let the Morse num-
bers u,(i =0, ..., m) of a function f on M be the number of critical points of f of
index i, (the number of negative eigenvalues of H). The Euler characteristic of
the complicated manifold M can be expressed as the alternating sum of the
Morse numbers of any Morse function on M,

The Euler characteristic reduces, in the case of a simple polyhedron, to
X=V-E+F

where V, E, and F are the numbers of vertices, edges, and faces in the polyhedron.

7. Another important theorem states that if the interval [a, b] contains a critical
value of f with a single critical point x,, then the topology of the set M), defined
above differs from that of M, in a way which is determined by the index, i, of the
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critical point. Then M, is homeomorphic to the manifold obtained from attaching
to M, an i-handle, i.e., the direct product of an i-disk and an (m — i)-disk.

Matsumoto (2002) and Pettini (2007) provide details and further references.

5.2 Groupoids

Given a pairing, for example, a connection by a meaningful path to the same base-
point, it is possible to define “natural” end-point maps a(g) = a;, f (g) = a, from the
set of morphisms G into A, and a formally associative product in the groupoid g, g,
provided a(g;g2) = a(g1), f (8182) = f (g2), and f (g1) = a(g»). Then the product is
defined, and associative, i.e., (g182)g3 = 81(.83), with the inverse defined by g = (a,
a), &' = (ay, a).

In addition there are natural left and right identity elements 4, p, such that
A8 = 8 = &Ps-

An orbit of the groupoid G over A is an equivalence class for the relation a j ~ Gay
if and only if there is a groupoid element g with a(g) = a; and f (g) = a,. Following
Cannas Da Silva and Weinstein (1999), a groupoid is called transitive if it has just
one orbit. The transitive groupoids are the building blocks of groupoids in that there
is a natural decomposition of the base space of a general groupoid into orbits. Over
each orbit there is a transitive groupoid, and the disjoint union of these transitive
groupoids is the original groupoid. Conversely, the disjoint union of groupoids is
itself a groupoid.

The isotropy group of a € X consists of those g in G with a(g) = a = (g). These
groups prove fundamental to classifying groupoids.

If G is any groupoid over A, the map (a, f): G — A x A is a morphism from G to
the pair groupoid of A. The image of (e, f§) is the orbit equivalence relation ~G, and
the functional kernel is the union of the isotropy groups. If f: X — Y is a function,
then the kernel of f, ker(f) = [(x}, x,) € X x X: f(x1) =f (x,)] defines an equivalence
relation.

Groupoids may have additional structure. As Weinstein (1996) explains, a grou-
poid G is a topological groupoid over a base space X if G and X are topological
spaces and a, f and multiplication are continuous maps. A criticism sometimes
applied to groupoid theory is that their classification up to isomorphism is nothing
other than the classification of equivalence relations via the orbit equivalence rela-
tion and groups via the isotropy groups. The imposition of a compatible topological
structure produces a nontrivial interaction between the two structures. Below we
will introduce a metric structure on manifolds of related information sources, pro-
ducing such interaction.

In essence a groupoid is a category in which all morphisms have an inverse, here
defined in terms of connection by a meaningful path of an information source dual
to a cognitive process.
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As Weinstein (1996) points out, the morphism (a, f) suggests another way of
looking at groupoids. A groupoid over A identifies not only which elements of A are
equivalent to one another (isomorphic), but it also parameterizes the different ways
(isomorphisms) in which two elements can be equivalent, i.e., all possible informa-
tion sources dual to some cognitive process. Given the information theoretic char-
acterization of cognition presented above, this produces a full modular cognitive
network in a highly natural manner.

Brown (1987) describes the basic structure as follows:

A groupoid should be thought of as a group with many objects, or with many identities. A
groupoid with one object is essentially just a group. So the notion of groupoid is an exten-
sion of that of groups. It gives an additional convenience, flexibility and range of
applications...

EXAMPLE 1. A disjoint union [of groups] G = U, G,, 4 € A, is a groupoid: the product
ab is defined if and only if a, b belong to the same G, and ab is then just the product in the
group G,. There is an identity 1, for each 4 € A. The maps a, § coincide and map G, to 4, 4
eA.

EXAMPLE 2. An equivalence relation R on [a set] X becomes a groupoid with a, S
R — X the two projections, and product (x, y)(y, z) = (x, z) whenever (x, y), (), z) € R. There
is an identity, namely (x, x), for eachx € X ...

Weinstein (1996) makes the following fundamental point:

Almost every interesting equivalence relation on a space B arises in a natural way as the
orbit equivalence relation of some groupoid G over B. Instead of dealing directly with the
orbit space B/G as an object in the category S,,, of sets and mappings, one should consider
instead the groupoid G itself as an object in the category G, , of groupoids and homotopy
classes of morphisms.

It is possible to explore homotopy in paths generated by information sources.

5.2.1 Global and Local Groupoids

The argument next follows Weinstein (1996) fairly closely, using his example of a
finite tiling.

Consider a tiling of the euclidean plane R* by identical 2 by 1 rectangles, speci-
fied by the set X (one dimensional) where the grout between tiles is X = H U V,
having H = R x Z and V = 2Z x R, where R is the set of real numbers and Z the
integers. Call each connected component of RA\X, i.e., the complement of the two-
dimensional real plane intersecting X, a tile.

Let I be the group of those rigid motions of R? which leave X invariant, i.e., the
normal subgroup of translations by elements of the lattice A= H NV =2Z x Z (cor-
responding to corner points of the tiles), together with reflections through each of
the points 1/2A = Z x 1/2Z, and across the horizontal and vertical lines through
those points. As noted in Weinstein (1996), much is lost in this coarse graining; in
particular the same symmetry group would arise if we replaced X entirely by the



5.2 Groupoids 67

lattice A of corner points. I” retains no information about the local structure of the
tiled plane. In the case of a real tiling, restricted to the finite set B = [0, 2 m] x [0,
n], the symmetry group shrinks drastically: The subgroup leaving X N B invariant
contains just four elements even though a repetitive pattern is clearly visible. A two-
stage groupoid approach recovers the lost structure.

We define the transformation groupoid of the action of I" on R? to be the set

G(F,Rz): {(x,y,ylxeR*,ye R )y eI ,x=yy)
with the partially defined binary operation

(x7ry)(y.v.2) = (xyv.2).

Here a(x, y, y) = x, and § (x, y, y) =y, and the inverses are natural.
We can form the restriction of G to B (or any other subset of R?) by defining

G(rR), ={gG(I R )ia(g).B(g) < B}

1. An orbit of the groupoid G over B is an equivalence class for the relation x ~ G
y if and only if there is a groupoid element g with a(g) = x and f§ (g) = y. Two
points are in the same orbit if they are similarly placed within their tiles or within
the grout pattern.

2. The isotropy group of x € B consists of those g in G with a(g) =x = (g). Itis
trivial for every point except those in 1/2A N B, for which it is Z, x Z,, i.e., the
direct product of integers modulo two with itself.

By contrast, embedding the tiled structure within a larger context permits defini-
tion of a much richer structure, i.e., the identification of local symmetries.

We construct a second groupoid as follows: Consider the plane R? as being
decomposed as the disjoint union of P, = B N X (the grout), P, = B\P, (the comple-
ment of P, in B, i.e., the tiles), and P; = R,\B (the exterior of the tiled room). Let E
be the group of all euclidean motions of the plane, and define the local symmetry
groupoid G, as the set of triples (x, 7, y) in B X E x B for which x = yy and for which
v has a neighborhood U in R? such that y(U n P;) C P, for i =1, 2, 3. The composition
is given by the same formula as for G(I', R?).

For this groupoid in context, there are only a finite number of orbits:

O, = interior points of the tiles.

O, = interior edges of the tiles.

O; = interior crossing points of the grout.

O, = exterior boundary edge points of the tile grout.
Os = boundary “T” points.

O = boundary corner points.
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The isotropy group structure is, however, now very rich indeed:

The isotropy group of a point in O, is now isomorphic to the entire rotation group
0.

Itis Z, x Z, for O..

For O; it is the eight-element dihedral group D,.

For O,, Os, and O, it is simply Z,.

These are the “local symmetries” of the tile in context.
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