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Physiological costs of undocumented human
migration across the southern United States border
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Political, economic, and climatic upheaval can result in mass human migration across extreme terrain in search
of more humane living conditions, exposing migrants to environments that challenge human tolerance. An
empirical understanding of the biological stresses associated with these migrations will play a key role in the
development of social, political, and medical strategies for alleviating adverse effects and risk of death. We
model physiological stress associated with undocumented migration across a commonly traversed section of
the southern border of the United States and find that locations of migrant death are disproportionately
clustered within regions of greatest predicted physiological stress (evaporative water loss). Minimum values of
estimated evaporative water loss were sufficient to cause severe dehydration and associated proximate causes
of mortality. Integration of future climate predictions into models increased predicted physiological costs

of migration by up to 34.1% over the next 30 years.

“You need to put yourself into the most
difficult places that you can where
[Border Patrol] can’t get to. You
understand? Where there are lots of
trees, mountains, rocks...off the trail.
That’s where you need to go. If you
walk in the easiest places, they will
catch you quick.”

—Lucho, 47-year-old migrant from Jalisco,
Mexico, interviewed June 2009 [(I), p. 189]

Deterrence, thousands of migrants have per-
ished in the desert while attempting to cir-
cumvent border protection efforts (354.8 =
71.07 deaths/year; 7805 total reported deaths
from 1998 to 2019; data S1), with many more

n 1994, the US Border Patrol adopted the 1 %0 =
border enforcement strategy referred to G - , ¥
as Prevention Through Deterrence. This . *‘- °

policy sought to dissuade undocumented
entry across the southwest border of the
United States by fortifying official ports of en-
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deaths likely unreported (3). Interviews with
surviving migrants depict experiences of ex-
treme thermohydric stress—dehydration, dis-
orientation, and organ failure—as common
elements of the migrant journey:

“We were dying of thirst. I was
hallucinating at that point. We were
surrounded by dirt but I kept seeing
water everywhere in the desert.”
—Lucho, 47-year-old migrant from
Jalisco, Mexico, interviewed June 2009
[(@), p. 193]

“They abandoned me on the mountains.
I didn't have food; I didn't have any
water... [Our smuggler] abandoned us...
He left us without food or water. I felt
like I was almost dead. I was drinking
my urine and trying to eat cactus. I am
doing this for my children.”

—Monica, 27-year-old migrant from
Mexico, interviewed May 2013 by J.D.L.

Although the southwest border accounts
for 97.86% of total undocumented migrant
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try and their surrounding areas for the purpose
of redirecting migrants toward more remote
regions, including areas of the Chihuahuan and
Sonoran Deserts (Z, 2). Desert environments are
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Fig. 1. Spatial relationship between density of migrant death sites and severity of thermohydric costs.
Utilization distributions (red scale bar) of adult male (top) and female (bottom) migrant death sites due to
exposure overlaid on a spatiotemporally explicit map of the predicted costs (clinical dehydration level as
percentage of body mass lost per day through evaporative water loss; gray scale bar) of traveling on foot
during June in southern Arizona. Nogales and Three Points are denoted by white stars. Georeferenced migrant
death sites (black dots; men, n = 93; women, n = 28) were extracted from Arizona’'s OpenGlIS Initiative for
Deceased Migrants database (21). Only sites with known sex, age (>18 years old), cause of death (exposure),
and month of death (May to September) are included. Red shading depicts the volume of the utilization
distribution (95% fixed kernel); darker red indicates areas of greater kernel density volume (i.e., where more
deaths occurred). Locations predicted to induce severe dehydration (>10% body mass deficit through evaporative
water loss) in June are mapped in white, moderate dehydration (5 to 10% body mass deficit) in light gray,

and mild dehydration (O to 5% body mass deficit) in dark gray (22-24). The geographic distributions of male
nd female deaths were disproportionately concentrated in regions predicted to induce severe dehydration.
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apprehensions in the United States each year
(2000-2019; data S2), the physiological chal-
lenges faced by humans attempting to traverse
the desert terrain along southern migration
routes remain largely unstudied [however, see
(4, 5)]. In contemporary society, causes of pre-
ventable human death are typically subject to
extensive research. Yet unverified assumptions
about heat stress and water loss as contrib-
utors to undocumented migrant mortality have
greatly outpaced empirical work. Ethnographic
insights can be synergistically coupled with
physiological modeling to better understand
how the extremes of the desert environment
affect migrant physiology and risk of mortal-
ity. In this study, we model the physiological
costs of undocumented migration across a
portion of the Tucson Sector, a Border Patrol
jurisdiction that runs from Yuma, Arizona,
to the New Mexico border. Arizona contains
46.9% of the total primary barrier mileage
(pedestrian and vehicle) across the southwest
border (data S3), and the Tucson Sector, which
has been a primary crossing point for migrants
for nearly two decades, is characterized by the
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highest number of known border-crossing
fatalities (7).

To gain a clearer understanding of human
physiological stress in the face of desert mi-
gration, we integrated migrant interview data
with data on human physiology, morphology,
and fine-scale climatic variation to parame-
terize a spatiotemporally explicit biophysical
model, Niche Mapper (6). Niche Mapper is
based on fundamental principles of heat and
mass exchange between a model organism
and its environment and solves the energy-
balance equation using two submodels that
integrate detailed data about the organism
and the microclimate of its environment (6-9).
Model outputs include estimated rates of me-
tabolism and/or evaporative water loss nec-
essary for maintaining homeothermy in the
modeled environment. We used this model
to simulate the physiological costs of migra-
tion by estimating rates of evaporative water
loss necessary for humans to maintain heat
balance while traveling by foot across the
desert between Nogales, Mexico, and Three
Points, Arizona (I, 2, 4).

Nogales MEXICO

— Least cost path
— Random paths

Fig. 2. Potential migration paths between Nogales and Three Points relative to spatial variation in
thermohydric costs. Spatial variation in predicted physiological costs (evaporative water loss, liters/day)
incurred by undocumented migrants at the southern US border, with least-cost and random paths used to
calculate the distribution of estimated water loss incurred by migrants walking between Nogales and Three
Points overlaid. The two cities lie on opposite sides of the border between the United States and Mexico, much
of which is blocked by a border fence (thick gray lines) that physically separates the two countries (50).
Random paths (black lines) and the least-cost path (white line) between Nogales and Three Points are overlaid
on a raster (800-m resolution) that shows the predicted rate of evaporative water loss across the study area for
an adult man traveling on foot during daytime hours in June. Paths were used to quantify the distribution of
potential water costs for each combination of modeled individual (man, nonpregnant woman, pregnant woman,
child), activity pattern (diurnal, nocturnal), departure time, and summer month (May to September). Satellite
imagery for Arizona was adapted from Google Earth Pro (51). Methods for extracting spatiotemporally explicit
water costs along paths are outlined in fig. S7. Results for all demographics are presented in figs. S8 to S11.
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Age, body size, sex, and reproductive status
can have substantial impacts on the costs of
thermoregulation (10-12), and several studies
have reported a sex bias among migrants,
with men being more likely to migrate than
women (13, 14). More recent data, however,
have shown marked increases in the number
of family units and unaccompanied minors
(<17 years old) apprehended along the south-
west border (net increases for 2013-2019 for
family units of +3189%, 14,855 to 473,682; and
for unaccompanied minors of +196%, 38,759 to
76,020; data S4 and S5). Therefore, we used
literature-derived, region-specific values of aver-
age body mass and physiological parameters
to model four demographics representative
of humans attempting to cross the southern
US border: (i) a Latin American adult man
(60.3 kg), (ii) a nonpregnant Latin American
adult woman (57.7 kg), (iii) a 5-year-old Latin
American child (19 kg), and (iv) a pregnant
Latin American adult woman. [We esti-
mated the costs of migrating during preg-
nancy by adding the average weight gain
reported at 30 weeks of pregnancy (11.3 kg)
to the weight of the modeled woman and
adjusting physiological parameters to re-
flect changes due to pregnancy (15-19).]
We validated our model predictions using
a combination of published literature on
human physiology and metabolic chamber
simulations (19).

We used Niche Mapper to generate spatio-
temporally explicit maps of predicted evapo-
rative water loss in our study area (9, 20). We
then evaluated how geographic variation in
evaporative water loss during summer (May to
September), when most migrant deaths occur
(21), influenced the distribution of migrant
deaths due to exposure. We compiled geore-
ferenced records of adult (>18 years old) male
(n = 292) and female (n = 101) migrant deaths
from Arizona’s OpenGIS Initiative for Deceased
Migrants database [1981-2019, n = 3251 (21)].
‘We then partitioned those records by the sum-
mer month in which each death occurred.
Next, we estimated 95% fixed-kernel utiliza-
tion distributions (UDs) of migrant deaths due
to exposure in each month and calculated the
proportion of the volume of each UD that fell
within each of three categories of dehydration:
mild (0 to 5% body mass lost per day through
evaporative water loss), medium (5 to 10%
body mass lost per day), or severe (>10% body
mass lost per day) (22-24). Relative differences
in costs across space and time were our primary
interest in this analysis, and we assumed no
water replacement.

The geographic distribution of adult male
deaths from exposure was disproportionately
concentrated in regions predicted to induce
severe or moderate dehydration (i.e., regions
with high predicted evaporative water loss) in
all summer months (P < 0.05 in all monthly
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Fig. 3. Water-loss distributions for migrants
traveling along random paths between Nogales
and Three Points. Distribution of predicted water
costs for diurnal (top) versus nocturnal (bottom)
travel by four migrant demographics traversing
random paths (n = 20) between Nogales and Three
Points during summer (May to September). We
used a custom algorithm [associated R package:
atob (28)] to generate random trajectories (i.e.,
paths) at discrete time steps (15-min-step time
interval) between an origin (Nogales) and destina-
tion (Three Points) using maximum travel speed,
total travel time, minimum spatial resolution, and
the desired number of routes as user-supplied
parameters (19). We calculated total water loss along
each random path by overlaying paths on spatio-
temporally explicit rasters of predicted evaporative
water loss for each combination of demographic,
activity pattern, departure time, and month, summing
the cell-specific evaporative water loss estimates
along the path and multiplying the hour-specific rate
of water loss in the cell (liters/s) by the time spent in
the cell (s) given the modeled migrants' time of
departure and movement speed (see materials and
methods for a detailed description of this analysis).
Diurnal travel produced substantially higher and more
variable rates of water loss than nocturnal travel for
all migrant demographics.

comparisons, equality of proportions test;
Fig. 1 and fig. S1). By contrast, adult male
deaths were either underrepresented (P <
0.05) or proportionally represented (P > 0.05)
within regions that were predicted to induce
only mild dehydration (i.e., low predicted evap-
orative water loss) during each month. Geo-
graphic clustering of adult female migrant
deaths followed the same pattern; death sites
were overrepresented in regions predicted to
induce severe or moderate dehydration in all
summer months (P < 0.05 in all monthly com-
parisons, equality of proportions test) but
were underrepresented or proportionally rep-
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resented in areas of mild predicted dehydra-
tion (Fig. 1 and fig. S2).

Owing to the vast expanse and remoteness
of the Arizona desert, many migrant deaths
in this region likely go unreported (3). Among
those bodies that are discovered, many are
located by accident, and, as of now, there is no
concerted effort at the state or federal levels to
systematically retrieve bodies across the region
(25). Animal scavenging and harsh environ-
mental conditions lead to rapid decomposi-
tion and scattering of remains, decreasing the
likelihood of discovery while obscuring iden-
tification and cause of death (3). Although it is
often assumed that such deaths are caused by
exposure, little empirical data exist regarding
how physiological stress may relate to broader
geographic patterns of undocumented migrant
death throughout the study area.

Thus, we repeated the analysis described
above using sites of migrant death for which
the cause and timing of death was uncertain
(adult males: n = 156; adult females: n = 37;
fig S3). We averaged estimates of evaporative
water loss across all summer months to ac-
count for uncertainty in the estimated time
of death. Similar to our previous results, we
found that deaths of uncertain cause among
both adult men and women were dispropor-
tionately clustered within regions predicted to
induce severe dehydration (P < 0.05 in both
comparisons, equality of proportions test; fig.
S3) but were significantly underrepresented
within areas of moderate and mild dehydra-
tion (P < 0.05 in both comparisons, equality
of proportions test; fig. S3). Though it is dif-
ficult to determine the exact proportion of
these deaths that were directly due to de-
hydration and thermohydric stress, the sig-
nificant correlation between high levels of
predicted evaporative water loss and the den-
sity of deaths (indicated by the volume of the
UD; figs. S4 to S6) strongly implicate temper-
ature and water availability as major contrib-
utors to broader patterns of migrant mortality
during summer.

To estimate the minimum water require-
ments associated with travel from Nogales to
Three Points, we calculated least-cost paths for
each modeled individual (man, nonpregnant
woman, pregnant woman, child) during each
summer month using evaporative water loss
and terrain slope as equally weighted cost
factors (19). In addition, because time of day
affects costs of thermoregulation (26), we
modeled least-cost paths under both diurnal
and nocturnal activity scenarios. To quantify
the cost of traveling along least-cost paths in
each modeled scenario (i.e., each combina-
tion of migrant demographic, activity pattern,
departure time, and month), we (i) extracted
the hour-specific evaporative water-loss esti-
mate for each raster cell intersecting the path,
(ii) calculated the cell-specific evaporative
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water loss (liter) by multiplying the hour-
specific rate of water loss in the cell (liters/s)
by the time spent in the cell (s) given the
migrants’ time of departure and movement
speed, and (iii) summed the cell-specific costs
accrued along the path (fig. S7). To capture
the full distribution of evaporative water loss
along each path, we calculated the cost of
traversing the path using all possible hourly
start times for both diurnal and nocturnal
travel (19). Personal accounts of individual
journeys across this landscape suggest that in
many instances, migrants do not have the
knowledge to identify a least-cost path of travel
and may instead wander through the desert
with little information about the terrain:

“[We were] in the mountains going up
and down, up and down...everybody
couldn’t take it so the guide
abandoned them. I also couldn’t take it
anymore. I tried again and my toenails
fell off. All of these nails came off
before. All of them fell off. All of them.”
—Maria, 30-year-old migrant from
Oaxaca, Mexico, interviewed May 2013
by J.D.L.

“When I was walking the last day, I felt
like I was already there. I [hallucinated]
a lot of things. The last hours, to get to
where they were going to pick us up, I
didn’t see anything. Everything was
spinning. I was dehydrated - I don't
know what! It hurt here, in my chest.”
—Yoanna, 27-year-old migrant from
Puebla, Mexico, interviewed May 2013
by J.D.L.

Therefore, we also generated random paths
of migration between Nogales and Three Points
using a custom random trajectory algorithm
[n = 20 paths per modeled individual per
month; Fig. 2; atob package (v0.0.0.9000) in
program R (v3.5.3) (27-29)]. By combining ele-
ments of random walks and Brownian bridge
movement models, the algorithm allowed us
to calculate random trajectories between an
origin and a destination given a user-supplied
time budget for 2 days of travel (a “best-case”
scenario based on ethnographic interview
data), a maximum movement speed of 1.2 m/s,
and a step length (i.e., distance between suc-
cessive locations along the path) of 800 m
(19). We quantified the cost of traversing
random paths in each modeled scenario fol-
lowing the procedure described for least-cost
paths [fig. S7; (19)].

Predicted evaporative water loss differed sig-
nificantly among months and times of day for
all migrant demographics. The cost (cumula-
tive evaporative water loss) of traveling along
least-cost paths ranged from 0.01 liters (the
minimum for all demographics) when travel-
ing only at night in May to 11.9 liters for a
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Fig. 4. Predicted costs of migration under current versus future climate scenarios. Distribution of
predicted water costs for diurnal (left) versus nocturnal (right) travel by four migrant demographics
traversing random paths (n = 20) between Nogales and Three Points during summer (May to September)
based on previous 30-year monthly average temperatures (“current climate”) and locally downscaled climate
projections of temperature change over the next 30 years (“future climate”). Pixel-specific values for future
climate conditions were averaged across six publicly available, locally downscaled climate models (ACCESS-1,
CanESM2, CCSM4, CNRM-CM5, CSIRO-Mk3, INM-CM4) that projected monthly maximum and minimum
temperatures in 2050 under RCP 4.5 (i.e., the intermediate mitigation scenario) (47, 48). Predicted water
costs for migration on foot across the southern border increase significantly under this climate-change scenario
relative to current conditions for all modeled migrant demographics (linear mixed-effects model, P <0.001,
Wald test). Boxes and whiskers represent median, interquartile range, and range of predicted water loss.

pregnant woman traveling during the day in
June (figs. S8 to S11). Costs of traveling along
more realistic, random paths were consider-
ably higher (mean + SD: 2.27 + 0.003 liters
higher for random paths across all scenarios).
Predicted evaporative water loss peaked in
June for all demographics regardless of the
time of activity (linear mixed-effects model:
P < 0.001, Wald test; figs. S8 to S11). Within
each month, it was significantly more costly
to travel during the day than at night (linear
mixed-effects model: P < 0.001, Wald test; figs.
S8 to SI1). The distribution of thermohydric
costs incurred during ~48 hours of travel from
Nogales to Three Points along random paths
was strongly dependent on body size, sex, and
reproductive status (Fig. 3). Estimated costs of
traveling at night ranged from 0.69 + 0.49 liters
(mean + SD) for a child to 1.29 + 0.92 liters for a
pregnant woman (Fig. 3). The costs of daytime
travel were much higher and ranged from 4.66 +
1.29 liters for a child to 10.76 + 2.72 liters for
a pregnant woman (Fig. 3). In the absence of
water replacement by drinking, these rates of
evaporative water loss are sufficient to cause
severe dehydration and a diversity of asso-
ciated conditions such as renal failure, electro-
lyte abnormalities, uremia, and coronary and
cerebral thrombosis that are likely the proxi-
mate causes of many migrant deaths (30-38).

These models reflect contemporary climate
conditions, but both changes in climate and
human migration are likely to drive future
patterns of mortality across the desert (39).
Population surveys, econometrics, and climate
analyses have documented increased human
migration globally in association with changing
climatic conditions (40-44). Yet the physiolog-
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ical costs of human migration under such con-
ditions have received relatively little attention.
As desert environments become more extreme
in the coming decades (45, 46), thermohydric
stress and associated risk of mortality endured
by migrant populations are also likely to in-
crease. We next modeled the physiological costs
of migration (evaporative water loss) based
on anticipated climate change over the next
30 years under representative concentration
pathway (RCP) 4.5 (i.e., the intermediate miti-
gation scenario (47). We reparameterized the
microclimate submodel of Niche Mapper with
monthly minimum and maximum tempera-
tures for 2050 by averaging predictions from
six locally downscaled, publicly available cli-
mate projection models across our study area:
ACCESS-1, CanESM2, CCSM4, CNRM-CM5,
CSIRO-MK3, and INM-CM4 (48). We chose a
30-year time horizon to facilitate direct com-
parison with our contemporary climate mod-
els, which were parameterized using average
temperatures from the previous 30 years (49).

Our analysis revealed a significant increase
in thermohydric costs of migration for each
human demographic under the future climate
change projection (linear mixed-effects model,
P < 0.001, Wald test; Fig. 4). Projected in-
creases in temperature across our study area
under RCP 4.5 over the next 30 years were pre-
dicted to increase the average cost of migration
along random paths between Nogales and
Three Points by 34.1% for an adult man (1.81 +
0.003 liters), 34.1% for a nonpregnant adult
woman (1.63 + 0.003 liters), 33.1% for a child
(0.94 = 0.001 liters), and 29.6% for a preg-
nant adult woman (1.90 + 0.003 liters). Taken
together, these results indicate that undocu-
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mented migration across the southwest border
of the United States will become increasingly
dangerous over the next 30 years, which
will likely result in increased mortality of
migrants.

Biophysical models such as those presented
here have been previously used to under-
stand the dynamics of thermohydric stress in
nonhuman animals in ecologically relevant
contexts. We present a new application of bio-
physical modeling to human systems, provid-
ing a methodological framework for future
studies that seek to understand the impacts
of past, present, and future climate on human
physiology, stress, and evolution [see (19) for
caveats and considerations]. Our findings dem-
onstrate the utility of social scientific inputs
to adapt these modeling tools to humans
moving through extreme landscapes. We have
used this approach to show that thermohydric
stress is a major contributor to patterns of
undocumented migrant mortality at the
southern US border. Such quantitative frame-
works for studying intersecting impacts of
social policy and climate change on human
stress and physiology will be of increasing
importance as the climate warms (39), be-
cause these methods could be extended to
other situations involving outdoor exertion
in conditions that challenge physiological
homeostasis.
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Dangerous terrain

As climate change leads to regions of the world becoming increasingly uninhabitable, unregulated human migration is
likely to increase. Migrants often traverse dangerous terrain, and the environmental conditions they encounter when
exposed can be deadly. Campbell-Staton et al. used an approach commonly used to predict spatially explicit regions
of physiological challenge in animal species to create a hazard landscape for the border crossing between the United
States and Mexico. Their predictions of high risk, particularly due to dehydration, coincided with regions of high migrant
mortality. Such detailed predictions may help to prevent these tragedies. —SNV
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