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Abstract 

A Spatial Analysis of Aerosolized Antibiotic Resistance Genes and Waste Flows in La 

Paz, Bolivia: Environmental and Built Environment Characteristics 

By Dennis Nichols 

 

Antimicrobial resistance (AMR) is a growing threat to Global Health. The transfer of 
antibiotic genes (ARGs) between bacterial populations through conjugation or direct 
uptake from the environment are among the major modes of AMR transmission. 
Surface water bodies may mediate this environmental transmission of AMR organisms 
or ARGs much as they do for diarrheal pathogens. The aerosolization of AMR organisms 
and ARGs from fluids or surfaces has been considered as another pathway of 
environmental AMR transmission. While some studies of aerosolized ARGs have been 
conducted in high-income countries, few have occurred in low-income settings with 
environmental risk factors such as poor water and sanitation infrastructure. Nor have 
these studies employed GIS technologies to spatially analyze the associations between 
aerosolized ARGs and environmental characteristics. In order to address these 
knowledge gaps, we conducted environmental surveillance for aerosolized ARGs near 
open waste flows in La Paz, Bolivia. A spatial analysis was then performed to assess 
associations between aerosolized concentrations of the ARG blaTEM and various 
environmental and built environment parameters, specifically focusing on the proximity 
of sampling sites to waste flows and hospitals. We found significant (p<0.05) 
associations between log-transformed aerosolized blaTEM concentrations and the 
distance of sample sites from the nearest river (waste flow) and the number of hospitals 
upstream of a given sample site. The strongest effect size we observed was a ~0.3 log 
unit increase in sampled blaTEM concentrations associated with each additional hospital 
upstream. We also observed a diurnal pattern in the importance of model variables 
suggesting that complex meteorological factors may be influencing aerosolized ARG 
transport in La Paz. Our findings are consistent with previous studies which have 
demonstrated the ubiquity of beta-lactam resistance genes both in hospitals and the 
environment, and furthermore have demonstrated their presence in hospital effluent. 
This analysis demonstrates the need for further study of the aeromicrobiological 
pathway of AMR transmission in relation to hospitals and waste flows along with 
accurate meteorological measurements of sample site microclimates. Our results also 
show that proper disposal of hospital effluents could be an important mitigation 
measure in the struggle to contain AMR transmission. 
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Chapter 1: Introduction 
 

The WHO has identified antimicrobial resistance (AMR) as one the top ten 

threats to global health in 2019 [1]. Antimicrobial resistance genes (ARGs) can become 

prevalent in a microbial population due to selection pressure from improper drug use in 

humans or antimicrobials discharged into the environment [2]. Similar pressures 

affecting bacterial populations in the natural environment predate human influence and 

as a  result, ‘accidental resistance genes’ are thought to function in protecting bacterial 

cells from toxins and heavy metal exposure. [3]  The ‘intrinsic resistance genes’ 

mentioned above can also be introduced through transmission by horizontal gene 

transfer wherein microbes directly trade ARGs via mobile gene elements or microbes 

take up free ARGs from the environment, thus leading to ‘acquired resistance’. 

Environmental factors contributing to this transmission such as poor water, sanitation, 

and hygiene (WASH), lack of sewage treatment, and poor food safety are common in La 

Paz, Bolivia and AMR organisms along with ARGs are often identified in local 

waterbodies. [4]–[6] 

Transmission, dissemination, and accumulation of ARGs that can give rise to 

antimicrobially resistant phenotypes among enteric infections have can be 

conceptualized through the classic F-diagram framework [7]. However, this framework 

does not consider potential transmission through the air. Exploring the bioaerosol 

route, wherein pathogens and their genetic material can travel along with suspended 

solids or liquids in the air, could add to our understanding of environmental AMR 

transmission.  
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Problem: There is a need to study the importance of the aerosol route in 

environmental transmission of AMR, particularly in urban settings with poor sanitation 

infrastructure. 

Purpose: This study will examine the spatial patterns of aerosolized ARGs in La Paz, 

Bolivia in order to describe the environmental and built environment predictors of 

aerosolized AMR transmission. 

Research Question 1: Is proximity to urban waste flows (rivers) associated with 

aerosolized ARG concentrations? 

Research Question 2: What other environmental or built environment factors are 

spatially associated with aerosolized ARG concentrations? 

Significance: In the city of La Paz, some sections of the urban river/waste flow 

system are covered but many others are open and in close proximity to public spaces 

like parks and playgrounds. Establishing the connections between waste flow proximity 

and ARG concentrations could motivate city administrators to install covers over more 

waste canals. Determining the importance of other environmental and built 

environment characteristics in aerosolized AMR transmission could inspire policy 

changes in other urban contexts. For example, if the spatial proximity of hospitals is 

revealed as a strong predictor of aerosolized AMR concentration, this could imply the 

need for stricter regulation of hospital waste disposal. Finally, we hope the use of spatial 

methods to contextualize aerosolized ARG sampling data will inspire further application 

of spatial tools to the study of environmental AMR transmission. 
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Chapter 2: Review of Literature 
 

Burden of Disease from AMR 
 

The WHO has identified antimicrobial resistance (AMR) as one the top ten 

threats to global health in 2019.[1] According to a recent interagency report, the current 

mortality from AMR is 700,000 deaths a year but the authors predict this tally could rise 

to as high as 10 million deaths a year by 2050. [2] The economic damage accompanying 

this health burden is estimated to reach up to $100.2 trillion in GDP losses. [8] 

In another 2014 WHO report on the status of AMR, the authors took a more 

granular view of the burdens of drug-resistant infections. Systematic reviews were 

performed on the costs of AMR. The authors found that for patients carrying some 

resistant organisms such as E. coli resistant to 3rd generation cephalosporins (3GC) or 

fluoroquinolones there was a twofold rise in all-cause mortality and 30-day mortality. 

[9] For patients carrying K. pneumoniae resistant to 3GC or carbapenems, there were 

smaller but still significant increases to the above measures. Furthermore, patients with 

methicillin-resistant S. Aureus (MRSA) incurred significant increases in bacterium-

attributable mortality, hospital lengths-of-stay, and septic shock. [9] 

There is considerable uncertainty in estimating the current and future burden of 

AMR. Some scientists call into question the methodology the high-end future mortality 

estimates and debate just how AMR mortality and morbidity should be attributed.[10], 

[11] Notably, the 2014 WHO report concedes that confidence in their figures is limited 

by the fact that most of the studies performed on AMR burden are drawn from upper-
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middle and high-income countries. [9] Some claim that arriving at a valid estimate for 

global AMR burden is not currently feasible with available data. [11] 

Indeed, the collection, aggregation, and analysis of AMR data at national and global 

scales is still very much in early days. The first CDC threat report on AMR organisms of 

US concern was released in 2013, with an update due in 2020. [12] The WHO launched 

its Global Antimicrobial Resistance Surveillance System (GLASS) in 2015 and it was still 

in the early implementation phase as of 2019. [13] 

 While experts debate the extent of harm attributable to AMR, all agree on its 

seriousness with respect to public health.[10], [11] An example of the changes that 

growing resistance has brought about is that even patients without resistant infections 

are affected by the now common prescription of broad-spectrum antibiotics.  Exposure 

to these drugs can hurt a person’s beneficial gut flora, often incur additional expense to 

the patient, and may increase the unintended contamination with human produced 

anti-microbials. [14] Given the wide-ranging effects of AMR, it is incumbent on the 

scientific community to explore the causes of AMR development and spread in a multi-

disciplinary “one health” fashion focusing on the interactions of humans, animals, and 

the environment. [2] 

 

The development of AMR 
 

The process by which microorganisms develop antibiotic resistance may be seen 

as a classic case of Darwinian selection. [15] The simplest story is that under external 

selection pressure, microbes carrying and expressing genes conferring resistance to 
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antimicrobial compounds are more likely to survive and comprise a larger share of the 

population as the generations pass. Antimicrobial resistance genes (ARGs) have several 

sources: sometimes they are already present in an organism and become phenotypically 

expressed under antibiotic pressure, some arise through mutation or genetic 

reassortment, often they are acquired by an organism through horizontal gene transfer 

(HGT), and they can even be picked up directly from the environment. [15] 

Sources of selection pressure, i.e. antibiotics, are where humans come in. We 

apply this pressure in our own bodies, in those of our food animals, and increasingly in 

the environment at large. In 2010, 70 billion doses of antibiotics were estimated to have 

been consumed by humans, an increase of 35% over the previous decade. [16] 

Unfortunately, much of this antibiotic use is unnecessary. For example, a CDC study 

suggested that during the 2010-2011 period, 30% of antibiotic prescriptions in the US 

were improper. [17] Just as human consumption of antimicrobials is large and growing, 

so it is with our food animals. Studies disagree on exact estimates of current and future 

antimicrobial consumption in animals, but the consensus is that non-therapeutic use in 

livestock, for the purpose of growth enhancement, dwarfs human intake. [18]–[20] One 

report predicts that given increasing demand for animal protein, antibiotic use in 

animals may increase 67% by 2030. [18] 

Although humans and livestock are the intended consumers, large quantities of 

antibiotics eventually end up in our water and soil. Granted, some microbes produce 

endogenous antibiotics, but the concentration of naturally produced antibiotic 

compounds in the environment is negligible and thus selection pressure in the 

environment for resistance is primarily anthropogenic. [15] The next section will 
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discuss the routes by which human-produced antibiotics are introduced to the 

environment and how the microorganisms affected by said antibiotics contribute to the 

AMR burden. 

Factors in Environmental Transmission 
 

 Davies and Davies provide an excellent visual summary of the presumed 

pathways of antibiotics and AMR organisms through human and animal compartments, 

to the environment, and back again (Figure 1). [15] In the past, most of the links 

between compartments were assumed to be unidirectional from human settings into the 

environment. Following from this logic, AMR infections in humans were thought to 

result from exposure to other human compartments such as hospitals and long-term 

care facilities. 

Now it is recognized that some portion of the AMR burden in humans stems from 

environmental exposure to resistant pathogens and transfers of resistance genes from 

environmental microbes into pathogenic microbe populations which affect humans. 

[20]–[23]While there is confidence in the contributions of the environment to the 

burden of resistance, quantification of these contributions is still a work in progress. 

[22] For example, in a review of studies on AMR and the role of the environment, the 

authors point out that the presence of resistant bacteria was detected at the majority of 

exposure-relevant sites and every wastewater source examined. However, few of the 

reviewed studies produced quantitative estimates of resistant bacteria and only one 

linked human and environmental AMR isolates in space and time. [21] 
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Figure 1: Dissemination of antibiotics and AMR within the human, agricultural, and natural environment. 
From Davies and Davies, 2010 [15] 

  

Perhaps of greater concern than environmental transmission of resistant 

pathogens is the transmission of AMR genes, because these may lead to the rise of 

resistance in previously susceptible microbial species and populations. A significant 

example is the CTX-M class of β-lactamase genes which appears to have originated in 

the Kluyvera spp. bacteria that exist in human gut biomes as well as independently in 

the environment. [23] First identified in the 1980s, by the 2000s CTX-M had displaced 

other variants to become the dominant extended spectrum beta-lactamase in countries 

where testing occurred. [24], [25]Other clinically relevant ARGs of putative 
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environmental heritage include the qnr gene family which confers mild resistance to 

fluoroquinolones.  These genes, often found in Enterobacteraciae afflicting humans, are 

thought to have originated in several aquatic species of bacteria like Shewanella algae 

and Vibrio splendidus. [23], [26] 

 As demonstrated by Figure 1 and the aforementioned studies, the links between 

various human, animal, and environmental compartments are often facilitated by water 

bodies.[26] Rivers, waste canals, lakes, etc. provide a convenient mixing medium for 

antibiotics, resistant pathogens, and environmental populations of bacteria. [26] Several 

studies provide evidence for the role of water bodies as reservoirs and transmitters of 

resistance. In one longitudinal study of the Mhlathuze River in South Africa, the authors 

found a very high correlation (r = 0.97) between the resistance profiles of bacteria from 

diarrhea patients and bacteria found in the river.[27] Furthermore, a plurality of 

bacteria from environmental samples in this study carried class one integrons, a type of 

gene element which is important for the transfer of other resistance genes. As a note of 

caution, the authors in the above paper state that the levels of environmental resistance 

they found were considerably higher than those seen in other studies. [28]  Other 

studies in locations as disparate as Colorado and China have found concentrations of 

free ARGs in rivers and reservoirs. [29], [30]Sometimes to find clinically relevant AMR 

in the environment, one need not sample major water bodies. After the emergence of 

NDM-1, a highly significant carbepenemase, researchers tested pools of water in streets 

and found the NDM-1 gene in 51 of 171 samples. [31] 

 Some of the major AMR contamination sources to our watersheds are urban 

sewage and hospital waste. A study in Austria of sewage treatment plants and resistant 
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E. coli found that the highest rates of resistance were present at the site which received 

both urban and hospital sewage. [32] Of concern, this study and others have found that 

sewage treatment does not fully remove resistant bacteria and ARGs, and that 

sometimes ARGs can be found in drinking water. [29], [31], [32]Furthermore, there is a 

possibility that these plants can amplify the proportion of resistance in a population of 

bacteria. [33] 

 Given the importance of waterbodies and diarrheal pathogens in the world of 

AMR, the field of water, sanitation, and hygiene (WASH) can provide useful perspective 

on environmental transmission. The classic F-diagram has served as a model for the 

passage of fecal-derived disease through the environment for decades and it is a simple 

but powerful conceptual model. [7] However, one possible pathway that this diagram 

leaves out is the aerosol route (Figure 2), also known as the aeromicrobiological 

pathway. In the following section, the evidence for bioaerosols as another link the AMR 

transmission chain will be examined.  
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Figure 2: An updated version of Wagner and Lanoix’s F-diagram. Adapted from Brown, Cairncross, and 
Ensink 2013. Note that this graphic is a simple representation, as discussed below, bioaersolization is 

possible for soils and surfaces in addition to fluids. 

 

The Aeromicrobiological Pathway 
 

 Bioaerosols may be defined as “aerosolized particles with a biological origin. 

These particles originate from all types of organisms and can be dispersed into the air by 

a variety of abiotic and biotic mechanisms.”[34] Following from this definition, 

aerosolized ARGs may be considered bioaerosols. Aerosols from liquid sources can arise 

due to evaporation and condensation, turbulence and condensation, or atomization by 

spraying such as in high-pressure cleaning applications. [35] The length of time for 

which particles can stay suspended in the air is directly related to their diameter 

squared, according to Stokes’ law, with larger particles settling out of the air more 

quickly. [36] 

Microbial viability in the aerosolized state may also be related to particle size. A 

recent study of bioaerosols along a New York City waterfront found that most samples 
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returning culturable bacteria or fungi were associated with particle sizes of 2.1 microns 

and greater.[37] Viruses and genes exist on the nanoscale and are much less limited 

than most bacteria species in terms of their aerosol transport potential. For example, 

one experiment involving the inoculation of a pig population with a modified virus was 

able to recover virus from the air at up to 4.7 km from the experimental site. [38] While 

it is not certain whether ARGs are differently susceptible to degradation at different 

particle sizes, their concentration does appear to increase along with particle diameter. 

[39] 

Most studies of ARGs and air have focused on sewage treatment plants, hospital 

settings, and agricultural operations. At wastewater treatment plants (WWTPs), high 

concentrations of ARGs and the presence of resistant pathogens have been identified in 

air within their indoor spaces. [40] Furthermore, testing of the air up and downstream 

of WWTPs has demonstrated gradients in ARG concentrations which suggest these 

plants could be emission sources. [41], [42]Hospital studies have predominately 

examined airborne resistant bacteria and genes in indoor spaces. Several studies have 

identified multidrug resistant pathogens in the air of intensive care units (ICUs) and 

burn wards, with A. baumannii a recurring finding among isolated bacteria, consistent 

with its known ability to spread via respiratory droplets and persist in air. [43]–

[45]These investigations also identified OXA-type beta-lactamases, which can 

metabolize carbapenem antibiotics, as prominent ARGs in airborne hospital 

isolates.[43], [44]  

Similar to sewage treatment sites, studies of agricultural locations like 

concentrated feeding operations of poultry and pigs have identified high concentrations 
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of ARGs both on and off-site. Several studies establish these operations as possible 

contamination sources by showing that ARG concentrations are higher within the 

animal feeding operations compared to outdoor air as well as that concentrations 

downwind are higher than those upwind. [39], [46], [47]One poultry farm investigation 

was able to more comprehensively establish a chain of transmission by matching 

resistance patterns in bacteria isolated from chicken feces, indoor air, and outdoor air. 

[47]Several studies in North Carolina have shown a final link from exposure to 

industrial livestock operations which use antibiotics to human carriage of AMR 

organisms. A comparison of S. aureus and MRSA prevalence among workers at livestock 

operations and their household members found that livestock-associated strains of 

MRSA and multi drug-resistant S. aureus (MDRSA) were only present in the people 

exposed to operations which used antibiotics. [48] A later study found that adults 

exposed to industrial hog operations had significantly higher carriage of S. aureus and 

that children in their households had higher carriage of S. aureus, MRSA, and MDRSA 

when compared to community controls. [49] 

In contrast to the aforementioned sites, less work has been done to test for 

aerosolized ARGs and pathogens in the environment outside of agricultural contexts. 

One recent study contrasted outdoor air samples with those of several different indoor 

environments, including hospitals, and found the highest ARG concentration in outdoor 

air. [50] Furthermore, a recent study of urban air in 18 cities worldwide showed large 

variances in the ARG concentrations detected with a nearly 2 log difference between the 

highest and lowest measured concentrations. This study also examined longitudinal 

data where it was available and showed that in Xi’an, China, where  PM2.5 pollution is 
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monitored, aerosolized ARGs in the same area increased in relative abundance over 10 

years even though PM concentrations remained the same.  [51] 

Up to this point in my review, it has been shown for AMR studies generally and 

for aerosol studies in particular that a majority of investigations have been done in high 

and upper-middle income countries.  Likewise, the research settings typically have been 

either point sources of contamination like WWTPs or broad surveys of ARGs in 

connection with air pollution like the Li et. al 2018 study. This leaves a need for studies 

in lower income countries and for examinations of line sources like sewage-

contaminated canals and rivers since many people are potentially exposed in these 

settings – for example, 500 million people live in the highly contaminated Ganga river 

basin. [52] We submit that our study of aerosolized ARGs around contaminated rivers 

in La Paz, Bolivia provides a needed exploration of current gaps in environmental AMR 

transmission literature. 

Bolivia AMR Burden and La Paz environmental AMR evidence 
 

 There is limited comprehensive data on the AMR burden in Bolivia, but what 

evidence exists suggests that the proportion of resistant bacteria is high and increasing. 

[53], [54] In Bolivia, as of 2010, 47% of all E. coli isolates were fluroquinolone resistant, 

49% of K. pneumoniae were 3GC resistant, and 49% of S. Aureus were methicillin 

resistant. [9] A study of commensal bacteria in Bolivian children from urban settings 

found greater than 90% resistance rates to ampicillin, tetracycline, and streptomycin. 

[55] Based on the data from the Pan American Health Organization, the most 

commonly isolated resistant bacteria in Bolivia are E. coli, S. aureus, and Klebsiella spp. 
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[56] Major increases in some resistance genes have been observed, with the CTX-M-

type ESBL genes being found in 97% of beta-lactamase producing bacteria. [53] 

 Several factors suggest that environmental transmission of AMR plays a 

significant role in Bolivia as a whole and La Paz in particular. First, multiple studies 

have found significant proportions of AMR in the gut microbiomes of otherwise healthy 

individuals who have not or are very unlikely to have had contact with hospital settings. 

[55], [57]–[59]In a 2018 study of 337 children from the rural Chaco region of Bolivia, 

investigators found that 38.3% carried the mcr-1  gene which can confer resistance to 

colistin, a last line antibiotic against gram-negative bacteria. Additionally, of the E. coli 

isolates gathered by the study, 24% produced ESBLs, mostly of the CTX-M type. Only 4 

of the children had previously been prescribed antibiotics and the authors called the 

high carriage of potential colistin resistance “unexpected”.[60] 

The second piece of evidence for environmental transmission of AMR in La Paz is 

environmental sampling itself. One potential source which, due to its proximity to 

densely populated areas and importance in local agriculture, has received academic 

areas attention over the years is the Rio Choqueyapu, sometimes called the La Paz River. 

A 1997 study of river water samples found high bacterial counts even in downstream 

sections with less populated surrounds, several species of pathogenic E. coli  and 

Salmonella, as well as two ampicillin-resistant isolates. [6] The next study, almost 

twenty years later in 2016, was able to demonstrate even wider spread contamination 

from AMR organisms and diarrheal pathogens. In this investigation, 4 sites were 

examined. The control site was a mountain reservoir, while the other 3 sites were 

impacted by urban sewage contamination, with one site chosen to test effects of river 
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proximity on agricultural contamination.  The authors found that every single surface 

water sample impacted sites had at least one enteropathogen present with half of all 

isolated pathogens being resistant to at least 2 antibiotics. [5] A follow-up study of the 

same sites, this time using qPCR methods, was published this year. In this iteration, the 

researchers demonstrated the presence of enteropathogens, particularly enterotoxigenic 

E. coli, in river water, agricultural soils, and on vegetables. This paper also marked the 

first report of ESBL producing bacteria from environmental samples in Bolivia. [4] 

Given the evidence for AMR organisms and genes in the waste flows of La Paz 

and investigations of environmental AMR elsewhere in the world, we have two 

hypotheses: First, that sampled aersolized ARG concentrations will decrease as the 

distance of a given site from the river increases. Second, we expect that since hospital 

effluent is known to contribute AMR organisms and genes into waterbodies, sampled 

aersolized ARG concentrations will decrease as the distance a given site from the nearest 

hospital increase. 

Chapter 3: Methodology 
 

1. Sampling Site Selection 

We downloaded the Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) Global Digital Elevation Model (GDEM) version 2 data for the 

area including La Paz, Bolivia. Using this DEM and a hydrographic model in ArcGIS, we 

generated the major streamlines for the La Paz metro area. From this set of waterbodies, 

we selected four rivers of interest to comprise our study window: the Choqueyapu, 

Orkojahuira, Irpavi, and Achumani. Next, we used ArcGIS to randomly select 50 points, 
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at a minimum distance of 150 m from the nearest point, within 200  m of our modeled 

streamlines (Figure 3). 

 

Figure 3: Map of Planned Sample Sites 

 

Throughout the course of our study period we sampled once during the morning 

and once in the afternoon at 24 out of 50 possible sites, with 7 Choqueyapu sites, 4 

Orkojahuira sites, 6 Irpavi sites, and 7 Achumani sites. Additionally, one control sample 

was taken about 25 km north of the study area at Chacaltaya mountain, a site assumed 

to be relatively free of human fecal contamination. When we chose our points from the 

randomly generated list, we had several aims. First, we often chose points that were 

near sites previously visited by the Ginn et. al team. [61] After this priority, we 

attempted to relatively evenly spread sites between the rivers in our sampling frame. 
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Next, an effort was made to maintain contiguity of the study frame vice sampling at 

more dispersed sites. Finally, the most distant sites were omitted due to the logistical 

constraints of travelling through the city. Thus we selected about half of the original 

random sample for measurements, based on access and coverage. Some additional 

guidelines we used for selecting points were as follows: When a site was inaccessible 

(due to being in a building, within private property, or on a cliff face) sampling was 

conducted at the nearest accessible point in a riverward direction. When the river 

proximate to a site was covered (most common for the Choqueyapu and Orkojahuira), 

that site was omitted.  
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Figure 4: Map of Selected Bioaerosol Sampling Sites 

 

2. Sample Collection 

The ACD-200 BobCat Dry Filter Continuous Air Sampler (InnovaPrep, Drexel, 

MO, USA) (Figure 5) was used at each site to collect two 4-hour long bioaerosol samples 

at a flow rate of approximately 150 L/min. [61] Each BobCat sample collected 

bioaerosols on a 52 mm filter which was flushed with an elution kit from the 
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manufacturer to produce about 6 mL of liquid eluate.[62] Manufacturer’s testing of this 

system’s aerosol recovery efficiency in a variety of conditions yielded results ranging 

from ~100% for synthetic 1 µm particles with fresh filters to ~35% for B. atropheus 

spores. [62] Finally, the eluate was mixed at a 1:1 ratio with  universal extraction lysis 

buffer (UNEX; Microbiologics, St. Cloud, MN, USA), an extraction medium determined 

by the CDC to have acceptable nucleic acid recovery compared to commercially available 

kits, and portioned into 1 mL cryovials for transportation to the Georgia Tech laboratory 

in Atlanta, Georgia.[61], [63] 

 

Figure 5: ACD-200 Bobcat 

 

3.Biological Processing 

ARG detection and analysis were performed by the Brown Water Group (School 

of Civil & Environmental Engineering, Georgia Institute of Technology) for blaTEM, intl1, 

tetA, and flor using droplet digital PCR (ddPCR) as described by Ginn et al. [61].  
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4.Spatial Variable Acquisition 

4.a. Distance to Nearest River 

 A spatial lines file comprising the major urban river system in La Paz was 

produced using digitization from satellite imagery in both ArcGIS and Google Earth Pro. 

[64], [65] This system includes the Choqueyapu, Orkojahuira, Irpavi, and Achumani 

rivers. Next, a spatial points file containing each sample site was constructed using GPS 

coordinates collected via Google Maps and uploaded into ArcGIS.  The distance from 

each point (in meters) to the nearest river segment (river_distance) was then found 

using the spatial join function in ArcGIS. One site (34) was found to be much further 

(~450 m) than within the intended 200 m buffer and removed from further analysis. 

After this, the river_distance variable was found to have a median value of 27.9m with a 

distribution as denoted by Figure 6. 

 

Figure 6: Distribution of Sampling Site Distances from the Nearest River 

 

 This original river_distance measurement is the simple straight-line Euclidean 

distance between the points on a two-dimensional surface. However, the city of La Paz 
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has considerable variation in its topography and there were large differences in 

elevation between the sampling sites and nearest rivers on some occasions. In order to 

account for this influence of topography on the true distance between features of 

interest, an adjustment was calculated using the ASTER GDEM V2 (NASA LP DAAC) 

and ArcGIS according to the following procedure: 

Points were generated along the river line file at 1 m intervals and the elevation 

values of these points were extracted from the DEM raster. Similarly, the elevation 

values for the sample sites were also extracted. Then, a spatial join was performed to 

assign the elevation value of the nearest river point to each sampling point. The next 

step was to calculate the adjusted distances in RStudio using Equation 1 and Equation 2 

as illustrated in Figure 7.  

 

Equation 1 

𝜽 = 𝐭𝐚𝐧−𝟏 (
𝒂𝒃𝒔(𝒂 − 𝒃)

𝒄
) 

 

Equation 2 

𝒅 =  
𝒄

𝐜𝐨𝐬 𝜽
  

a = site elevation, b= river elevation 

c = unadjusted distance, d= adjusted distance 
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Figure 7: River Distance Adjustment Calculation 

 

In the end, the adjusted distance diverged little from the raw distance, with a 

mean difference of only 0.1 m between the two measurements. This may be explained by 

the relatively coarse resolution (~30 m) of freely available DEMs. It is likely that in 

many cases, the sample points and river points fell on the same DEM raster cell and 

were assigned the same elevation value, even if they were different. 

 

4.b Population Density at the Sample Site 

Population density (persons/km2) at each sample site was estimated using a 

polygon map of population density in 2013 for neighborhood scale administrative 

districts in the municipality of La Paz (Mapa de densidad poblacional del Municipio de 

La Paz, 2013).  With this original polygon map of population, there can be sudden large 

changes in density at the borders of individual polygons. The real-life variation in 

population density across the city is probably less abrupt than in this scenario. In order 

to produce more accurate density estimates, a kernel density estimation (KDE) function 

was used in ArcGIS to construct a smoothed raster of population density (Figure 8). This 

function was run with search windows of 500 m, 750 m, and 1000 m. The 750 m 
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window raster was chosen to extract population density to the sample points because it 

produced the best balance between over-smoothing and bullseye effects from the KDE 

function. 

 

 

                          Figure 8: Population Density Raster using a 750 m search window and KDE 

 

4.c. Sample Site to Hospital Distance 

A list of the hospital locations in city of La Paz was acquired with the 

openstreetmap package in RStudio. This list was then filtered to hospitals within 500 m 

of the river network (Figure 9). Finally, each sample site was assigned the distance of the 

nearest hospital via a spatial join operation in ArcGIS. 
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Figure 9: Map of blaTEM concentrations along with Hospital Locations 

 

4.d. Number of Hospitals Upstream 

Using the list of hospitals generated in the previous step along with the sample 

points file, a variable containing the number of hospitals upstream of a given sample site 



   25 
 

was manually generated. This variable was then joined with the sample points file in 

RStudio.  

4. e. Sample site distance along River Network 

Given the assumption that the upstream environment surrounding a river has a 

cumulative influence on sample sites further downstream, a proxy variable of the 

network distance of sample sites along the river system was constructed. Some basis for 

this assumption is found in studies showing significant positive correlations between 

population density near rivers and both pharmaceutical contamination and fecal 

indicator bacteria levels in surface water samples.[66], [67] In particular, the 

pharmaceutical study showed this relationship between concentrations and the 

upstream population density for each sample site.[66] Thus, with this motivation, we 

calculated the total meters of urban river upstream of each sample site using the 

following process:  

First, the river system shapefile was extended using digitization in Google Earth 

Pro so that the start point of each river section was defined by the northernmost 

intersection of that river and the La Paz municipal boundary (Figure 10). Then, the river 

sections were separated into continuous river runs from their start point at the city 

border to their end point at the intersection off all four major rivers. Next, the position 

of each sampling site along its adjoining river was calculated using the gProject function 

of the rgeos package in RStudio.  Finally, the total amount of river upstream of sites was 

calculated algebraically in RStudio for cases when a sample site was influenced by 

multiple upstream river sections (e.g. sites along the lower Choqueyapu river) (Figure 

11). 
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Figure 10: River Start Points 

 

 

Figure 11: River Distance Calculation. The amount of urban river upstream of point A on the 
lower Choqueyapu is distance_X + distance_Y – distance_Z. 
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4. f. Daily Minimum and Maximum Temperature 

Daily minimum and maximum temperature for La Paz during the study period 

were acquired from the Servicio Nacional de Meteorologia y Hydrologia (SENAMHI) 

website. June and July daily temperature data were downloaded for the “La Paz Centro” 

station. Finally, these data were joined by day with each sample observation in RStudio. 

4. e. Sample Site Elevation 

Sample site elevation was extracted from the ASTER GDEM V2 (NASA LP DAAC) 

for each site using ArcGIS.  

5. Linear Regression Models and Global Moran’s I Tests of Residuals 

Multiple linear regression models of blaTEM concentration (gene copies / m3 air) 

were generated in RStudio. Due to the right skewed distribution of the dependent 

variable, models were run against both untransformed and log-transformed 

concentration in order to better meet the assumptions of parametric statistical tests. The 

best fitting models, as defined by adjusted R2 values, were selected for reporting in the 

results section. 

 Next, we tested model residuals for spatial autocorrelation using the global 

Moran’s I test. This allowed for the detection of spatial structure that could impact 

model performance. Since this test determines whether the concentrations at 

neighboring points are more similar (or dissimilar) than would be expected based on the 

global mean, we first had to choose a definition of ‘neighbors’. In order to assure that 

only sample points along the same river segment would be considered neighbors, we 
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chose a k-nearest neighbors setting of 3 with a maximum distance for neighbors of 500 

m.  

Chapter 4: Results 
 

Given the limited variability and low number of detections of other ARGs (Figure 

12), for this thesis, we chose to run models solely with blaTEM concentration. Table 1 lists 

the key summary statistics for the dependent and predictor variables used in these 

models. Of note, mean blaTEM concentration was found to be 583.1 gene copies per m3 of 

air (SD = 984.2).  As previously mentioned, the concentration distribution is highly 

right-skewed. The distributions of unaltered and log-transformed blaTEM concentration 

are shown in  and Figure 14 . However, only 4 samples (8.7%) detected no blaTEM 

concentration. Consideration was given to dropping these 4 zero concentration 

observations from the dataset to improve normality, but the resulting models performed 

poorly (Appendices, Table 5). 

 

Figure 12: ARG concentrations by distance to nearest river 
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Figure 13: Histogram of blaTEM concentration 

 

Figure 14: Histogram of log-transformed blaTEM concentration 
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Variable Mean SD 

blaTEM Concentration (gc / m3) 583.1 984.2 

Log blaTEM concentration 2.3 0.6 

River Distance (m) 36.8 30.9 

Network Distance (m) 1.26x104 1.03x104 

Hospital distance (m) 1.61x103 1.03x104 

Hospitals Upstream 3.5 4.0 

Population Density (persons per 
km2) 

7.27x103 5.64x103 

Maximum Daily Temperature 
(C) 

20.3 1.2 

Minimum Daily Temperature 
(C) 

4.5 0.6 

Elevation (m) 3.40x103 144.7 

 

Table 1: Summary Statistics 

 

The best-fitting regression model of the full transformed dataset (Table 2) 

showed that river distance, network distance, and the number of hospitals upstream 

were significantly associated (p<0.05) with log blaTEM concentration. Examination of 

both transformed and untransformed models showed differential associations when 

separated by time of day. While population density was weakly associated (p=0.07) in 

the untransformed morning (AM) model (Table 3), river distance (p=0.04), site to 

hospital distance (p=0.02), and number of hospitals upstream (p=0.06) were associated 

with concentration in the afternoon (PM) model. The largest effect size observed was for 

number of hospitals upstream in the afternoon model at 542 gene copies per m3 per 

additional hospital. 
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Table 2: Multiple Linear Regression Models of log-transformed blaTEM concentration 

 

 

 

 Full Model AM Model PM Model 

Variable β p-value β p-value β p-value 

River Distance (m) -7.68    0.063 * --- --- -14.2       0.034 ** 

Network Distance 
(100m) 

-3.59 0.536 2.32 0.127 -12.3 0.219 

Hospitals Upstream 179.6 0.242 --- --- 542.4    0.057 * 

Population Density         
(1000 persons per km2) 

--- --- 52.1   0.066 * --- --- 

Maximum Daily 
Temperature (C) 

--- --- --- --- 217.0 0.319 

Elevation (m) --- --- --- --- 3.64 0.147 

Hospital distance (10 
m) 

2.10 0.188 --- --- 8.83       0.022 ** 

Adjusted R2 =  0.103 0.166 0.285 

   *  = p < 0.10 | ** = p < 0.05 

 

Table 3: Multiple Linear Regression Models of untransformed blaTEM concentration 

 

 Full Model AM Model PM Model 

Variable β p-value β p-value β p-value 

River Distance (m) -0.007 0.040 ** -0.004 0.337 -0.006 0.349 

Network Distance (100m) -0.010 0.041 ** --- --- -0.018 0.047 ** 

Hospitals Upstream 0.299 0.016 ** 0.035 0.301 0.611 0.018 ** 

Population Density         
(1000 persons per km2) 

--- --- 0.047 0.062 * --- --- 

Minimum Daily 
Temperature (C) 

--- --- 0.342 0.142 --- --- 

Elevation (m) --- --- --- --- 0.004 0.131 

Hospital distance (10 m) --- --- --- --- 0.005 0.157 

Adjusted R2 = 0.169 0.330 0.162 

   *  = p < 0.10 | ** = p < 0.05 
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No significant spatial autocorrelation of regression model residuals, as denoted 

by Global Moran’s I value, was detected (Table 4Error! Reference source not 

found.). To be certain that it was not skewing the results, the 3-nearest neighbor 

structure was visualized in the spatial software GeoDa to confirm that neighbor 

connections did not inappropriately jump rivers (Figure 15). These results generally 

indicate a lack of significant spatial structure to our sampled aerosolized blaTEM 

concentrations.  

 

Figure 15: La Paz Sample Site Neighbor Connectivity Graph 

 

 Untransformed Models Log-transformed 
Models 

Model Moran’s I p-value Moran’s I p-value 

Full -0.17 0.830 -0.11 0.702 

AM -0.26 0.862 -0.15 0.623 

PM -0.24 0.656 -0.29 0.818 

   

Table 4: Model Moran's I Values 
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Chapter 5: Discussion 
 

This spatial analysis demonstrates that proximity to urban waste flows is at least 

weakly associated with aerosolized blaTEM concentrations. The blaTEM assay used for this 

study covers 135 different resistance mechanisms, including ESBLs. [61] Associations 

between aerosolized blaTEM  genes and waste flow proximity are consistent with recent 

findings of ESBL producing bacteria in the Choqueyapu River by Guzman-Otazo et al. 

(2019) and Poma et. al. (2016). [4], [5] One difference we observed in our study 

compared to that of Guzman-Otazo et. al was that we found blaTEM genes in 42 of 46 

samples, whereas blaTEM  was only identified in 5 of 101 isolates in the previous study.[4] 

This difference could be due to the challenge in isolating genes from whole organisms 

and the difference in molecular biology methods employed; qPCR was used by Guzman-

Otazo et al. while our team, Ginn et. al, used ddPCR. [4], [61] Globally, blaTEM ARGs 

have been identified in riverine environments such as India, Nigeria, and Portugal using 

both culture-dependent and culture free methods.[68]–[70] However, we have been 

unable to find any literature on aerosolized ARGs in the context of urban waste flows or 

urban riverine environments, making our study a novel contribution to the field. 

 While the simple proximity of sample sites to the nearest river was weakly 

inversely associated with concentrations, the strongest predictor effect sizes we 

observed were for the number of hospitals upstream of a given site. Our finding is 

consistent with the possibility of hospital effluent contributions given that in a 2013 

study in Cochabamba, Bolivia, every A. baumanii isolate tested possessed the blaTEM  

gene. [71]  In the full log-transformed model, each additional hospital upstream was 
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associated with a ~0.3 log unit increases in sampled blaTEM concentrations (p=0.02). This 

appears consistent with the identification of blaTEM  in hospital effluent (HE) by several 

studies in countries spanning a range of incomes. [72]–[74] Notably, concentrations of 

blaTEM are often observed to be much higher in association with HE than in control sites. 

One study in India found that blaTEM  concentrations were 49.7-fold higher in hospital 

outlet pipe sediments than in those collected from sites in the receiving river basin. [73] 

 When we separated the analysis by time of day, some predictors varied in 

importance between the morning and the afternoon models. In the afternoon models, 

the dominant predictors of blaTEM concentration were number of hospitals upstream 

and distance from nearest river. Whereas in the morning models, the only important 

variable, that we tested, seemed to be population density.  We propose that this 

variation of predictor importance in our models of aerosol ARG concentration may be 

driven by many diurnal cycles. According to the Aerosols Handbook, “Diurnal patterns 

in bioaerosol concentrations are caused by changes in RH and air and surface 

temperatures as well as fluctuations in wind speed and turbulence, all of which affect the 

emission, suspension, and removal of … and other bioaerosols from the atmosphere.” 

[75] The general factors listed above may also be joined by several others relevant to the 

urban riverine environment in La Paz. First, one process of liquid aerosolization is 

turbulence followed by condensation, with a key contributor to turbulence being flow 

rate.[35] The streamflow rates of the La Paz river system may vary diurnally due to 

environmental and anthropogenic causes. Environmental influences may include ice 

and snow melt that feed the river headwaters, as well as evapotranspiration driven flow 

variation.[76] On the anthropogenic side, sewage inflows cycles in other settings 
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demonstrate two peaks “resulting from morning and early evening water usage”. [77] 

The second important process of liquid aerosolization is evaporation followed by 

condensation, which may be expected to vary diurnally with solar radiation. [35] 

 Drawing from an additional review of the effects of meteorological factors on 

bioaerosol concentrations, the following may be an explanation for our observations: 

During the morning, recently dried surfaces proximal to our sampling sites release dust 

and other particles to be aerosolized as wind speeds increase during the day. [78] What 

evidence exists suggests that this wind driven aerosolization may be possible in La Paz. 

One study based on weather data from the La Paz-El Alto International Airport (LPB) 

found that average windspeeds (during a La Nina year) were typically ~3.5 m/s and 

rarely went below ~ 1.5 m/s. [79] Furthermore, freely available (for browsing, not 

download) historical data show that the highest windspeeds, measured at LPB, typically 

occurred from 3-6 PM during our study period (Weather Underground, 

weatherundergound.com).  

Initially in the morning, without the input of much solar energy, these aerosols 

remain in a “shallow, undeveloped, mixing layer”. [78] During this timeframe, 

population density may be the most important predictor since the amount of ARGs in 

the general environment are assumed to be associated with human factors, or the 

animals which these humans keep. As the day proceeds, solar heating of the atmosphere 

increases and mixing takes place due to convection. This might diminish the importance 

of the environment local to our sample sites in the afternoon, but allow aerosol 

transport from more distant locales, i.e. the river/waste flow system. Reinforcing this 
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possibility, we might expect increased evaporative aerosolization from the rivers from 

noon through the afternoon due to increased solar energy. 

This explanation, and my analysis in general, face several challenges from both 

our sampling design and potential confounders.  The design of our study is 

nontraditional in that sampling at each site on separate days over a 40-day period it is 

not cross-sectional. By the same token, since each site was only sampled twice, the 

design is not longitudinal. Thus, it is best to frame our study as an exploratory analysis. 

The second main challenge arises from the potential confounding factors in our study 

area. Previous aerosol studies mentioned in this review have often focused on PM and 

we cannot ignore this as a possible source for any ARGs or pathogen genes we retrieve.  

La Paz has its fair share of mobile source pollution and, as our study was conducted in 

the dry season, windblown dust.[80] Finally, we did not obtain quality data on several of 

the important meteorological factors mentioned by the Aerosols Handbook, namely 

relative humidity, wind speed, and site specific air temperatures.[64] 

Chapter 6: Implications and Recommendations 
 

This spatial analysis implies that bioaerosols in ambient air surrounding urban 

waste flows may be an important factor in the environmental transmission of AMR. Our 

study particularly emphasizes this point for La Paz as it builds on previous water 

sampling studies of the Rio Choqueyapu. For example, Poma et. al’s most contaminated 

site, chosen specifically for being hospital-impacted, corresponded almost exactly with 

the site where we recorded our 4th highest aerosolized blaTEM reading. [5]  
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 Our spatial analysis is consistent with the existing theme in the literature that 

hospital effluents are a particularly important contributor to environmental AMR. 

Previous studies of hospitals and ARGs in the environment have focused on categorical 

comparisons of sites, hospital impacted versus not, typically focusing on just one 

hospital. Furthermore, these studies have been of water or sediment samples. However, 

our study goes further by demonstrating that each additional hospital along a receiving 

surface water body can have an additive effect on aerosolized ARG concentrations 

within ~150m of that water body. This implies that the concept of WASH in healthcare 

facilities (HCFs) needs to be expanded to include the activities of hospitals not only 

within their walls, but also within their local environment. 

 Several recommendations follow from these public health implications and from 

our experience with this study. First, future spatial studies of aerosolized ARGs should 

include quality measurements of wind speed, relative humidity, and temperature at the 

sampling site. Local data on daily waste flow oscillations would also help diagnose 

diurnal bioaerosol concentrations, if observed in the future. Second, if this work is to be 

conducted again in La Paz, it would be advisable to sample at sites along covered waste 

flows/ rivers as well as exposed to verify the effectiveness of these measures in reducing 

local aerosolized ARG concentrations. 

 For local officials seeking to safeguard their citizens and local environment from 

environmental ARG transmission, we recommend that urban waste flows are covered, 

where feasible. Based on our analysis, we recommend that these efforts start with the 

most hospital-impacted sections of the river system, namely the Rios Choqueyapu and 

Orkojahuira. Portions of the river that are within 200 m of densely populated areas 
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should also be prioritized. An alternative, and possibly more cost-effective, solution to 

covering waste flows would be to implement programs specifically for safely managing 

hospital waste. 

Finally, we recommend that more environmental AMR studies are conducted 

using spatial methods and analyses. Indeed, the spatial nature of our bioaerosol study is 

uncommon within the literature as a whole, not just for studies in Bolivia.  A Pubmed 

search for “Spatial Analysis” AND “Antibiotic resistance” returned only 6 studies. This 

may be due to the perception that a spatial study requires significantly more resources 

or expertise. However, our experience demonstrates that with field-ready tools like the 

ACD-200 Bobcat and access to publicly available geodatabases, a given environmental 

study can be made ‘spatial’ with limited additional inputs.  AMR transmission is a 

process that happens in space, likely along gradients impacted by a host of human and 

environmental factors, and we cannot fully grasp it using simple categorical 

comparisons. 
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Appendices 
 

 

 Full Model AM Model PM Model 

Variable β p-value β p-value β p-value 

River Distance (m) -0.003 0.282 0.000 0.985 -0.009 0.075* 

Network Distance 
(100m) 

-0.002 0.673 --- --- -0.015 0.117 

Hospitals Upstream 0.066 0.522 0.031 0.319 0.513 0.080* 

Population Density         
(1000 persons per km2) 

0.014 0.412 0.044 0.061* --- --- 

Minimum Daily 
Temperature (C) 

--- --- 0.165 0.462 --- --- 

Maximum Daily 
Temperature (C) 

--- --- --- --- 0.201 0.247 

Elevation (m) --- --- --- --- 0.003 0.147 

Hospital distance (10 
m) 

--- --- --- --- 0.005 0.082* 

Adjusted R2 =  -0.020 0.083 0.073 

   *  = p < 0.10 | ** = p < 0.05 

Table 5: Model results with zero values dropped 
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