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ABSTRACT
A multiple stressor risk assessment was conducted at Yuma Proving Ground, Ari-

zona, as a demonstration of the Military Ecological Risk Assessment Framework. The
focus was a testing program at Cibola Range, which involved an Apache Longbow
helicopter firing Hellfire missiles at moving targets, that is, M60-A1 tanks. This arti-
cle describes the ecological risk assessment for the missile launch and detonation.
The primary stressor associated with this activity was sound. Other minor stressors
included the detonation impact, shrapnel, and fire. Exposure to desert mule deer
(Odocoileus hemionus crooki) was quantified using the Army sound contour program
BNOISE2, as well as distances from the explosion to deer. Few effects data were
available from related studies. Exposure-response models for the characterization
of effects consisted of human “disturbance” and hearing damage thresholds in units
of C-weighted decibels (sound exposure level) and a distance-based No-Observed-
Adverse-Effects Level for moose and cannonfire. The risk characterization used a
weight-of-evidence approach and concluded that risk to mule deer behavior from
the missile firing was likely for a negligible number of deer, but that no risk to mule
deer abundance and reproduction is expected.
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INTRODUCTION

Ecological impacts of military training and testing programs involving the fir-
ing of large caliber munitions such as missiles are investigated in gray literature
such as U.S. National Environmental Policy Act environmental impact assessments.
Moreover, impacts of ordnance on wildlife have been studied in the context of op-
portunistic research on military installations. Such research has involved effects of
artillery munitions or smaller weapons in training activities on white-tailed deer
(Odocoileus virginianus) at Fort Sill, OK, USA (Dinkines et al. 1992), wolf (Canis lu-
pus) movements at Camp Ripley National Guard Training Site in Little Falls, MN,
USA (Merrill and Erickson 2003), black bear (Ursus americanus) movements at the
U.S. Marine Corps Base Camp Lejeune, NC, USA, Sonoran pronghorn (Antilocapra
americana sonoriensis) at Barry M. Goldwater Range, AZ, USA, red-cockaded wood-
pecker (Picoides borealis) at Fort Benning, GA, USA (Delaney et al. 2002) and Fort
Stewart, GA, USA (Doresky et al. 2001), and raptors in military training areas of
the Snake River Birds of Prey National Conservation Area, ID, USA (Schueck et al.
2001, Lehman et al. 1999). Efroymson et al. (2008, in press) reviewed wildlife habitat
disturbances at military ranges where explosives are in use.

Until now, impacts of missiles and other military activities involving physical stres-
sors have not been investigated through the use of an ecological risk assessment
framework. The U.S. Environmental Protection Agency’s (USEPA’s) Guidelines for
Ecological Risk Assessment (USEPA 1998) are written to apply broadly to any chemi-
cal, physical, or biological stressor and should be applicable to missile launch and
detonation. The Military Ecological Risk Assessment Framework (MERAF) was de-
veloped as an elaboration of the USEPA guidelines for multiple military activities
(Suter et al. 2002).

This article aims to assess the risks associated with the missile firing activity of the
Apache Longbow–Hellfire missile test at Yuma Proving Ground (YPG) to desert mule
deer (Odocoileus hemionus crooki). Moreover, data gaps that would reduce uncertainty
in risk assessments for these stressors are discussed. This is one of a series of articles
describing an ecological risk assessment for a military program at YPG that was con-
ducted to demonstrate MERAF. The Apache Longbow-Hellfire missile test and prob-
lem formulation for the risk assessment are described in Efroymson et al. (2008a) in
this issue of Human and Ecological Risk Assessment. Ecological risk assessments for other
military activities associated with the test at YPG are described in Efroymson et al.
(2008b, helicopter overflights) and Peterson et al. (2008, tracked vehicle movement).

PROBLEM FORMULATION

Potential Stressors, Modes of Action, and Conceptual Models

Candidate stressors to desert mule deer that are associated with missile firing are
presented in Table 1. An activity-specific risk assessment framework is not available
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Table 1. Stressors and modes of action associated with missile firing.

Stressor Potential mode of action

Sound Behavioral response of
wildlife, auditory damage
to wildlife, interference
with foraging or predation,
interference with mating

Impact detonation Injury to wildlife and
vegetation, modification of
local hydrology

Shrapnel Death or injury of wildlife and
vegetation

Fire Death or injury of vegetation
and behavioral response of
wildlife

Chemical residue Contamination of soil, water,
and food items; toxicity to
wildlife and vegetation

Unexploded ordnance Death or injury of wildlife and
vegetation

for this activity, as it was for the companion risk assessment of the helicopter over-
flight (Efroymson et al. 2008b, in press). All stressors that could be significant in
this assessment for YPG are included. Some were determined to be insignificant
(e .g ., sound of missile launch) following the problem formulation and were not car-
ried through the entire risk assessment process. Unexploded ordnance (UXO) was
included in Table 1 for the sake of completeness but was deemed to be outside the
scope of this demonstration of MERAF. UXO would probably be more appropriately
addressed in a separate framework focusing on the unique aspects of that stressor.
Also, UXO is not a significant problem for a testing activity of this size and frequency;
tracking and recovery or destruction of individual warheads is feasible at this scale.
The desert mule deer assessment endpoint is described in detail in Efroymson et al.
(2008a, in press). The conceptual model for missile firing is depicted in Figure 1.

Selection of Activity-Specific Measures of Exposure

Intensity measures

Sound. The two principal measures of exposure to sound that provide a descrip-
tion of a Hellfire launch and detonation are the sound exposure level (SEL) and
peak sound level (Lmax). The SEL takes into account both the maximum noise
level of an event and its duration; it represents the sound if all of the acoustic energy
of an event were compressed into one second. SEL is generally considered to be
meaningful for evaluating wildlife responses to noise (Krausman et al. 2004). Fur-
thermore, decibels at various frequencies are adjusted (weighted) to represent the
way the average human ear responds to various frequencies of sound. C-weighting
is the human auditory weighting generally used for blast noise. C-weighting differs
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Figure 1. Conceptual model for Hellfire missile firing component of Apache
Longbow–Hellfire missile test at Yuma Proving Ground. Rectangles are
states, hexagons are processes, and the circle indicates the test plan.
Stressors and/or portions of the activity that were not considered in this
assessment appear in gray.

from A-weighting in that it gives almost equal weighting to all sound frequencies
(Telesco and van Manen 2006).

Frequencies below 1,000 Hz are given more weight when C-weighting is used (Kry-
ter 1985). C-weighting is used in this assessment because this metric is the estimate
of exposure that is generated by the blast noise model BNOISE2. It is generally
thought to be a predictor of human annoyance and has been used for occasional
wildlife studies (e.g., Telesco and van Manen 2006). With all of its uncertainties that
will be discussed below, CSEL (C-weighted Sound Exposure Level) was determined
to be the best available sound metric, that is, a single event noise measure for which
some response information is available.

Hellfire missiles do not generate a sonic boom during launch and flight of the
missile. Therefore, sound intensity measures peculiar to that type of sound are not
required or considered in this assessment.
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Distance. The distance from an explosion to an animal is an exposure metric in
some exposure–response relationships for blast noise. Distance is an indicator of
average expected sound exposure, but actual levels can vary significantly from the
mean under various meteorological conditions.

Temporal measures

Temporal aspects of exposure include duration, frequency of occurrence, and
timing. Duration is accounted for by the SEL metric. None of the available exposure–
response models use frequency of detonation (e.g., number of blast events per day
or week) as a temporal measure of exposure, but frequency could be qualitatively
used to estimate the likelihood of habituation of wildlife to missile firing. The timing
of Hellfire testing is important as it relates to reproductive behavior and home range
locations.

Spatial measures

Spatial measures of exposure include the spatial extent of the flight path; the
spatial extent of craters made by missiles that miss their targets; the spatial extent
of the debris field (i.e., shrapnel) or burn area; the habitats, home ranges, forage
and water locations of mule deer; and the area where mule deer potentially receive
substantial exposure to blast noise or shrapnel.

Selection of Measures of Effects

The primary measures of effects are observed behavioral responses of ungulates or
surrogate mammals such as humans to blast noise, including hearing damage and be-
havioral effects. Where indirect effects to deer might have occurred via effects on veg-
etation, changes in quality or area of deer habitat would also be a measure of effect.

CHARACTERIZATION OF EXPOSURE

Direct Exposure of Mule Deer to Stressors of Missile Detonation and Impact

Sound contours calculated using BNOISE2

Sound levels experienced by mule deer were not measured in this study. There-
fore, sound levels on the ground were estimated using BNOISE2, a U.S. Army soft-
ware program that calculates and displays blast noise exposure contours resulting
from specified operations involving large guns and explosive charges.

Program structure

BNOISE2 is a relatively new version of a computerized tool that replaced the
BNOISE computer program, which had been a primary model for blast noise as-
sessment for more than 20 years. The model was in beta testing at the time of this
study and is now undergoing validation (by coauthor L. Pater) for training opera-
tions at a military installation. BNOISE2 offers improved propagation algorithms,
updated weapons source models, and an improved user interface (US Army 2003).
The software runs under the Microsoft WindowsTMoperating systems and includes
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consideration of type of weapon and ammunition, number and time of rounds fired,
range attributes, weather, and assessment procedures and metrics. It also accounts for
spectrum and directivity of both muzzle blast (or launch) and projectile sonic boom,
which facilitates accurate calculation of propagation and sound frequency weight-
ing. Source model parameter values are based on empirical data. The propagation
algorithms are based on sophisticated calculations and experimental data. Available
metrics include CSEL, peak level, and day-night noise level (DNL) (US Army 2003).

Information regarding the types of weapon and ammunition, the locations at
which the firing takes place, the number of shots during daytime and nighttime, and
so on, is entered into an activity table in BNOISE2. Required information regarding
the guns and ammunition (source models) and ranges is stored in databases and
chosen from lists. A library of database records, including weapons, metrics and
frequency weighting schemes, is included with the program.

The propagation algorithm is used to calculate sound levels at each node of a
user-defined geographical grid. The resulting array of noise level values is converted
to contours.

Implementation for Apache–Hellfire test at YPG

Five attack runs for Apache Longbow AH-64–Hellfire testing were simulated in the
exposure assessment for helicopter overflights (Efroymson et al. 2008b, in press). For
the purpose of this risk assessment, a single attack simulation was run in BNOISE2
for the following reasons: (1) The principal noise from firing a Hellfire missile is
the explosion of the warhead at the target (i.e., launch noise is so insignificant that it
is not included in the program). Thus, differences in launch points for the five test
firings evaluated in the Apache Longbow–Hellfire missile test at YPG would not affect
the exposure estimates for mule deer, as long as impact location was identical; (2)
Definitive information on impact locations was not available; therefore, all targets
were assumed to be at or near the Pinkrock Impact Point (IP, Figure 1 in Efroymson
et al. 2008a, in press); (3) Multiple explosions did not occur simultaneously, thus
eliminating the need to model overlapping contour levels.

All noise level distances were measured from the Pinkrock IP. The noise level
contours for the Hellfire missile were expressed in terms of CSEL. Contours were
plotted for the effects thresholds and selected intermediate exposure levels. Con-
tours were exported as shapefiles to ArcView. The noise contour output map, draped
on a Landsat 7 image, is presented as Figure 2.

The sound level at a given location for a given noise source is highly dependent
on sound propagation conditions, which are strongly influenced by meteorological
conditions such as wind and temperature variation in the atmosphere. The BNOISE2
default sound propagation conditions were used for the Hellfire simulation at YPG.
These default conditions are represented by statistical distributions of possible con-
ditions. Sound propagation accounts for the substantial variations shown in the table
of statistical expectations for noise level at a given distance from the impact loca-
tion (Table 2). Topographic features may also influence the received sound level at a
given location. Although BNOISE2 is capable of accounting for topography, this data
layer was not incorporated into the Hellfire simulations. This lack of topographic
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Figure 2. C-weighted decibel sound contours in Sound Exposure Level (SEL) met-
ric, produced using BNOISE2 software, draped over Landsat 7 image of
study site. The impact location is assumed to be located at Pinkrock Im-
pact Point (IP), the northernmost point of the Apache flight track. The
Apache flight track is equivalent to the Hellfire trajectory. Contour levels
are for a single explosion of a Hellfire warhead. The depicted waypoint
is one of several locations where the helicopter changed direction.
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Table 2. Hellfire warhead blast noise level statistics at 2432 meters distance,
based on variability in weather conditions.1

Exposure Level,CSEL (dB) Peak Level,PK (dB) Percent Exceeding Sound Level

116 141 0.13 (µ+ 3σ)
109 134 2.28 (µ+ 2σ)
100 125 15.87 (µ+ 1σ)
91 115 50.00 (µ+ 0σ)
82 106 84.13 (µ – 1σ)
76 100 97.72 (µ – 2σ)

1Statistics generated from BNOISE2 simulation of a Hellfire detonation under average
weather conditions. Predicted variations in blast noise at 2432 meters is represented by
the estimated percentage of blasts that would exceed various exposure levels. This
variation is primarily due to assumed variations in weather conditions.

specificity was determined to be relatively insignificant and acceptable because of
the location of the test between mountain ranges (rather than on a mountain).

Thus, over a wide range of sound propagation conditions that might be expected
to occur, a mean CSEL of 91 dB is predicted at a distance of about 2.4 kilometers
from the explosion, with a standard deviation of about 8 dB. A mean CSEL of 116
dB (140 dB peak) is predicted to occur at a distance of about 350 meters from the
detonation.

Model uncertainty

BNOISE2 is the best acoustic model currently available for predicting sound lev-
els associated with weapons firing and detonation. However, these are complicated
processes to simulate, and substantial uncertainties remain. For the past several
years, efforts have been focused on improving the prediction sensitivity to changes
in weapon size, vegetation, weather, and terrain (CERL 1998).

Sound exposure based on distance

As with the exposure assessment for the Apache Longbow helicopter (Efroymson
et al. 2008b, in press), the distance from a sound source (e .g ., an aircraft or a Hellfire
detonation) to an animal is an alternative exposure metric to direct measurement
of sound. That is, distance can be related to ecological effects if assumptions are
made about locations of deer during detonation. Unlike exposures to aircraft, sight
of the Hellfire missile by the animal is, for purposes of this demonstration of MERAF,
assumed not to affect the distance at which a response is elicited. This assumption is
based on the small size and the high velocity (i.e., short duration of visibility) of the
missile. Therefore, distance from the blast is assumed to be primarily a measure of
sound exposure.

The activity description, specifically the location of the detonation, assumed to
be at Pinkrock IP, serves as the exposure assessment for the distance–response rela-
tionship. Locations of individual deer are not known, so is not possible to calculate
the distance to each animal.
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Other blast-related stressors

A radius for the shrapnel impact zone around the Hellfire impact point was not
available for this assessment. In a more comprehensive assessment, site- and weapon-
specific information could be used to generate a reasonable exposure estimate. For
example, one could measure the density of shrapnel per unit area with distance
from the point of detonation. This could be done under standardized conditions or
after each detonation at the specific site to be evaluated. Direct impacts of ordnance
on deer would be a much more credible pathway if the scale of the program were
larger (e.g., a training program), the impact zone were less well defined, and the
ecosystem were more heavily vegetated than the desert pavement of YPG.

Environmental concentrations of residual chemicals were not available for this as-
sessment. In a more comprehensive assessment, this information could be obtained
through site sampling, fate and transport modeling of known residues of Hellfire
missiles, or a combination of the two.

Population issues

As stated in the companion manuscript, the assessment area for the local popula-
tion is 126 km2 (Efroymson et al. 2008a, in press). When extrapolating from exposures
for individuals to exposures for the population, the time scale of the test must be
considered. The aforementioned exposure estimates are for a single Hellfire det-
onation, but the August 2000 test consisted of five Hellfire detonations at roughly
the same impact point over eight days. A conservative approach to estimating the
fraction of the local population that was exposed (at a specified threshold level) over
the duration of the test period would be to assume that some individual deer were
replaced by others during the test. However, data are not available to estimate the
number of deer that might enter the various zones of exposure over the duration of
the test period, especially because the Apache–Hellfire tests might disrupt this nor-
mal pattern of movement. It is assumed in this assessment that the high estimate of
population density (Efroymson et al. 2008a, in press) provides sufficient conservatism
to allow for the possibility that some deer entered the assessment area during the
test period.

Indirect Exposure of Mule Deer via Disturbance of Vegetation in Washes

Mule deer populations could be adversely affected by missile detonations through
effects on habitat consisting of desert wash vegetation (Figure 1). (Desert washes are
areas with relatively dense or tall vegetation where water flows intermittently after
heavy rains.) The characterization of exposure of vegetation in washes to Hellfire
missiles is conceptually analogous to the assessment of exposure to tracked vehi-
cles (Peterson et al. 2008, in press). Direct exposures of desert wash vegetation to
Hellfire missiles would include: (1) misses that detonate in the wash and obliterate
vegetation in the impact crater, (2) shrapnel from hits and misses that damage veg-
etation in the immediate area of the impact, (3) fires ignited by hits or misses that
damage vegetation near the impact area, and (4) contaminants from shrapnel. We
assume that direct exposures of vegetation did not occur during this Hellfire test
because the target was never missed. In addition, the vehicular targets were located
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on the MTI Road or at the Pinkrock IP and not in washes. Furthermore, targets
(tanks) avoid traveling through washes at YPG.

Indirect exposure of vegetation to Hellfire missiles would consist of changes in
hydrology due to misses up-gradient of the wash area. Craters in the desert pavement
have the same effect as tank tracks (i.e., ponding of water and potentially increased
permeability, Peterson et al. 2008, in press), and exposure could be modeled in the
same manner if the spatial resolution of the model were adequate for small craters.
However, all Hellfire missiles hit their targets in the August 2000 test, eliminating the
need to characterize indirect exposures to wash vegetation. (A miss had occurred
in previous tests.) The likelihood of misses might be expected to increase during
training missions, because of the increased number of sorties and because trainees
may be less familiar with particular weapons and aircraft than military personnel
who regularly test them. In contrast, developmental weapons may have a higher rate
of failure than weapons in general use (Efroymson et al. 2008, in press). Because
exposures of vegetation to missile-related stressors were not present in this test, the
indirect pathway of stress from vegetation to mule deer is not considered further.

CHARACTERIZATION OF EFFECTS

Mule Deer

Assessment endpoint property

The selected assessment endpoint property is the abundance or production of
desert mule deer. As with the effects assessment for the Apache Longbow (Efroym-
son et al. 2008b, in press), one would need to extrapolate qualitatively from behavioral
effects in individuals to population-level effects. In Efroymson and Suter. (2001), we
discuss how an assessor might get from a behavioral measure of effect to a repro-
ductive assessment endpoint and depict example mechanisms. For example, startle
reactions could interrupt foraging, leading to a change in abundance or production.
However, not even behavioral effects of blast noise are known for ungulates, thus
requiring further extrapolation from less related species (i.e., humans) for which
qualitative and vague “disturbance” effects information is available.

Sound level effects thresholds

To assess noise impact for any species, one must first have dose–response infor-
mation. This requirement is problematic, because the response to noise varies from
species to species for a given type of noise, and also with type of noise for a given
species. The most studied species in this regard is human beings. The human re-
sponse criteria (ANSI 1996) for large arms, small arms, and aircraft noise are all
different. No data are available for response of mule deer or other ungulates to
low frequency blast noise. Therefore, we extrapolated from human response data to
illustrate how more exact and relevant information would be used.

Blast noise exposure is expressed in terms of CSEL. Human response is usually
judged in terms of annoyance or likelihood of complaints. It is the experience of one
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of the authors1 that, for large explosions such as missile warheads, humans would
almost never complain if the CSEL is lower than about 91 dB (about 115 dB peak
sound level). Complaints from a very small percentage of humans become somewhat
likely2 if the CSEL exceeds about 106 dB (about 130 dB peak sound level). A very
conservative threshold for hearing damage to humans is a 140 dB peak sound level
(Mil. Std. 1474D, Department of Defense Design Criteria Standard: Noise Limits,
February 12, 1997), which is equivalent to a CSEL of about 116 dB. No data are
available for judging whether this threshold is predictive of behavioral responses of
other mammals such as mule deer.

In the absence of more pertinent information, we selected the exposure levels
of 91 and 116 dB CSEL, which correspond to estimated thresholds for disturbance
and hearing damage in humans, respectively. (Our purpose is the demonstration
of a risk assessment framework; we do not recommend these quantities as effects
levels for general use in ecological risk assessments.) It is assumed in this assessment
that disturbance is equivalent to behavioral impacts. As noted previously, no data
are available to support these thresholds for ungulates, nor indeed are there rigor-
ous data for humans. Experience suggests that these criteria are in fact extremely
conservative for humans, though data would be required to better define the actual
degree of conservatism.

Distance effects thresholds

Distance thresholds are an alternative exposure–response model for effects of
blast noise. Two types of potentially useful distance thresholds can be estimated: (1)
the greatest distance from the blast at which the selected response is observed, which
is conceptually analogous to the Lowest-Observed-Adverse-Effects Level (LOAEL)
for chemical effects assessment; and (2) the shortest distance from the blast at which
the selected response is not observed, which is conceptually analogous to the No-
Observed-Adverse-Effects Level (NOAEL) for chemical effects assessment.

Only one relevant study reporting distance thresholds was found (Andersen et al.
1996). It consisted of a comparison of general types of military disturbances for their
ability to elicit short-term behavioral and physiological responses in moose (Alces
alces). Cannonfire was the only disturbance tested for which blast noise would be the
stressor. Moose did not respond to the blast noise, so the only distance threshold
reported for cannonfire was a minimum distance from the blast at which no response
was observed (i. e., the NOAEL), 400 m. Assuming the exposure area can be defined
by a symmetrical circle with a radius of 400 m, the zone of disturbance would consist
of 0.50 km2. The usefulness of this threshold is uncertain, because the characteristics
of the cannon (e.g., type, size, or munitions used) and the blast noise (e .g ., direction
of muzzle relative to receptor location or CSEL at a nominal distance, such as 1
meter) were not provided. Thus, it is unclear how blast noise from a Hellfire missile
would compare to that of cannonfire in Andersen et al. (1996).

1Larry Pater of the U.S. Army Corps of Engineers Construction Engineering Research Lab-
oratory has approximately 20 years of experience in acoustics engineering and bioacoustics
and provided these data.
2No reliable statistical data are available.
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It is interesting to note that Andersen et al. (1996) also evaluated the responses of
moose to helicopters on six different occasions. They observed a maximum distance
at which moose would flush from cover (i. e., a LOAEL) of 50 m and a minimum
distance of approach of the helicopter at which no response was observed (i. e., the
NOAEL) of 400 m. That is, the NOAEL distance for cannonfire was the same as
for the helicopter, and both were an order of magnitude greater than the LOAEL
distance for the helicopter.

Other blast-related stressors

Blast noise is not the only potential stressor for mule deer. Shrapnel and possibly
fire could also injure mule deer in the immediate area of the impact point or affect
their behavior in the vicinity. The obvious measure of these effects is the number
of injured deer. For example, Dinkines et al. (1992) attributed 39% of the mortality
of white-tailed deer at Fort Sill, OK, USA, to artillery munitions, based on carcasses
found within 20 m of an ordnance crater. Deer morbidity could be estimated based
on a distance or area within which injury to mule deer has a specified likelihood.
For example, an effective impact zone radius might be based on the average size of
a mule deer and the distance from the detonation at which the density of shrapnel
(i. e., shrapnel per unit area) suggests that an organism that size would have a 20%
likelihood of being hit by shrapnel. No data are available to support this approach in
this assessment. In a more realistic assessment, site- and weapon-specific information
could be used to generate this type of estimate.

A survey of the impact area for mule deer could be performed during and after the
tests to determine whether or not deer were injured by shrapnel from the tests. Such
effects were not reported for the August 2000 Hellfire tests at YPG, but an extensive
search for injured animals was not performed. Contamination of the environment
with residual chemicals could also be evaluated in a comprehensive assessment,
provided that toxicological data are available for most or all of known constituents
of Hellfire warheads. This information could come from lab and field studies of
individual chemicals or relevant combinations of chemicals.

Necessary extrapolations

As in the Apache Longbow helicopter assessment, a major extrapolation (and
major source of uncertainty) is the extrapolation from behavior of individuals to
population-level effects. The mechanisms by which these extrapolations can occur
for blast noise are essentially the same as for the Apache Longbow in Efroymson
et al. (2008b, in press).

Factors that modify magnitude of effects

Habituation. Animals have in general been found to be much more tolerant of
stimuli after they have learned by experience that a stimulus poses no threat to
them. This is analogous to the habituation to low-altitude overflights that occurs for
ungulates and other animals (Efroymson et al. 2008b, in press). As with the Apache
Longbow, mule deer at Yuma Proving Ground might habituate to the Hellfire blast
noise during the 3-week test period. Also, other weapons firing programs from air-
craft platforms are ongoing in the general area. The first day of the test probably
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determines if deer are going to move sufficient distances to change their home
ranges. No data were found relating other potential modifying factors to mule deer
responses to blast noise (e .g ., animal activities, time of year, or type of vegetation
cover).

RISK CHARACTERIZATION

Expected Behavioral Impacts on Mule Deer, Based on CSELs

The selected threshold for behavioral impacts is 91 dB CSEL, although it is ac-
knowledged that human annoyance is also factored into this threshold. The area
within which Hellfire detonations are expected to produce sound levels greater
than or equal to that threshold was estimated with BNOISE2 at 18.1 km2. This area
is approximated by a circle with a radius of 2.4 km centered at the Pinkrock IP.
For the purposes of methods demonstration, mule deer within this zone of distur-
bance were assumed to be subject to behavioral impacts. Mule deer densities for the
approximately 126 km2 YPG Apache–Hellfire test area have been conservatively (i.
e., over-) estimated at 0.56 deer per km2, for an estimated local population of 70
mule deer (Efroymson et al. 2008a, in press). Based on these estimates, 10 deer (i. e.,
18.1 km2 × 0.56 deer per km2) would be expected to exhibit a behavioral response
(disturbance) per Hellfire test detonation. That would constitute 14.3% of the local
population. As stated earlier, these are assumed to be the same deer during every
detonation.

Expected Behavioral Impacts, Based on Distance

The only relevant behavioral distance threshold for blast noise is the minimum
distance at which moose did not respond to cannonfire, 400 m (Andersen et al.
1996). This distance is conceptually analogous to the NOAEL for chemical effects
assessment. The area within which Hellfire detonations are expected to meet or
exceed that threshold was estimated at 0.50 km2. This area is approximated by a
circle with a radius of 400 m centered at the Pinkrock IP. Mule deer within this
zone of disturbance may be conservatively assumed to exhibit a behavioral response.
Based on the estimated mule deer densities for the YPG Apache–Hellfire test area,
not even a single deer (i. e., 0.5 km2 × 0.56 deer per km2 = 0.28 deer; 0.4% of the
local population) would be expected to exhibit a behavioral response per blast or per
5-Hellfire-blast test series. (If deer were assumed to be different individuals for each
test blast, still only one deer would be expected to be affected per 5-Hellfire-blast
test series.)

This estimate is likely to be conservative with respect to moose, because it assumes
that adverse effects occur just inside that 400-m radius, but mule deer may be more
skittish. An approach for estimating chemical LOAELs when only NOAELs are avail-
able is to apply a NOAEL:LOAEL conversion factor to the NOAEL. Dividing the
distance NOAEL by 10, which is a commonly used extrapolation factor,3 yields an
estimated maximum distance of 40 m from the stressor at which moose would be

3Safety factors and other extrapolation factors are typically agreed to by regulatory agencies
and other risk managers. Thus, the specific conversion factor of 10 is chosen for illustration
only.
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expected to flush. That is approximately the distance at which the combined sight
and sound of helicopters caused moose to flush (Andersen et al. 1996). That dis-
tance would correspond to an area of 5000 m2 (0.005 km2) and to far less than one
(0.003) of the estimated 70 mule deer comprising the local population. Even using
a more conservative conversion factor of three corresponds to less than one (0.008)
mule deer (i.e., a maximum distance of 133 m yields an area of 14,000 m2). However,
density estimates would vary with sources of water, minerals, and food.

Expected Hearing Damage, Based on CSEL

The selected threshold for hearing damage, based on human data, is 116 dB
CSEL. The area within which Hellfire detonations are expected to produce sound
levels greater than or equal to that threshold was estimated with BNOISE2 at 0.385
km2. This area is approximated by a circle with a radius of 350 m centered at the
Pinkrock IP. Mule deer within this zone of injury are assumed to experience tempo-
rary or permanent hearing loss. Based on the estimated mule deer densities for the
approximately 126 km2 YPG Apache–Hellfire test area, no single deer (i. e., 0.385 ×
0.56 = 0.22 deer; 0.3% of the local population) would be expected to be injured
per Hellfire test detonation or per 5-missile test series. This estimate is only slightly
lower than the estimate of deer behaviorally disturbed based on the slant distance
metric.

Expected Effects from Other Blast-Related Stressors

Shrapnel and possibly fire could also injure mule deer in the immediate area of the
impact point or affect their behavior in the vicinity of the impact point. If exposure–
response data relating the distance from the impact point at which shrapnel would be
expected (with a specified probability) to injure an animal (with a specified level of
severity) were available, then the risk estimation methods used above for blast noise
could be used here also. That is, one could estimate the number of deer expected
to be in the zone of physical injury and relate that to the number of deer in the
local population. However, (1) it is highly unlikely that mule deer would stay in the
immediate vicinity of moving tank targets, and (2) the zone of shrapnel and fire
disturbance would not be likely to encompass even one deer, given the density of
0.56 deer/km2 (1 deer per 1.8 km2).

Population Issues

The primary issue in estimating effects on the local mule deer population from
Hellfire testing is the need to extrapolate from hearing damage and disruption of
behavior of individuals to population-level effects (e .g ., reproduction). As in the
Apache Longbow helicopter assessment (Efroymson et al. 2008b, in press), no known
data are available that would allow an assessor to perform those extrapolations quan-
titatively. Indeed, reliable data are not even available for blast noise effects on indi-
vidual mule deer. Given that a principal purpose of this assessment is to demonstrate
the general MERAF process, and given that few response data are available for the
missile firing activity, it is assumed herein that the hypothetical effects on individuals
constitute a highly conservative estimate of impacts on the population. That is, if
the percentage of behavioral effects in the mule deer population does not exceed
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an acceptable level of effect for the assessment endpoint (e .g ., 20% decrement in
abundance or reproduction), then we could be confident that population-level ef-
fects also would not exceed the acceptable level of effect.

Weight of Evidence

Criteria for weighing evidence are described in the companion article, Efroymson
et al. (2008b, in press). Although the exposure and effects levels used in this assessment
are not based on reliable, quantitative data for mule deer, they are considered herein
using the weight of evidence process for demonstration purposes (Table 3).

Behavioral effects

The weight of evidence suggests that the Hellfire component of the Apache Long-
bow test program would not elicit a behavioral response from a substantial portion
(≥20%) of the local population and would, therefore, not substantially affect abun-
dance or reproduction of the local mule deer population. The risk estimate derived
using the BNOISE2-predicted zone of disturbance indicated that 10 deer would be
expected to exhibit a behavioral response per Hellfire test detonation. However, the
risk estimate derived using the minimum distance at which moose flush in response
to cannonfire indicated that fewer than one deer would be expected to exhibit a
behavioral response per Hellfire test detonation (which is also equivalent to fewer
than one deer per the Hellfire component of the Apache–Hellfire test program).
Neither highly uncertain line of evidence is clearly superior to the other.

The exposure estimates produced by BNOISE2 are better than those reported
in the study of moose responses to military disturbances (Anderson et al. 1996).
BNOISE2 is a fairly sophisticated sound propagation model that accounts for the
relevant characteristics of the missile and environmental variables (climate, topog-
raphy), and its results are given in a metric that has relevance to wildlife (i.e., CSEL).
In contrast, none of the characteristics of the cannonfire were reported by Ander-
son et al. (1996), which precludes relating exposure to that cannonfire to exposures
to Hellfire missile detonations. The effects data, on the other hand, are somewhat
better for the cannonfire tests than for the BNOISE2 simulations. The CSEL thresh-
old for disturbance is based on the authors’ experience that humans almost never
complain about large explosions if the CSEL is below 91 dB. Although experience
suggests that these criteria are very conservative for humans, no data are available
to support these or any other behavioral, hearing, or reproductive thresholds for
ungulates. In contrast, the distance threshold for disturbance is based on tests of
blast noise with an ungulate, the moose (A. Alsec). The measured responses, flush-
ing from cover and increased heart rate, are good measures of effects and relate well
to those used for mule deer. This measure of effects is also conservative, given that
it is based on the lack of an effect at the specified distance.

The weight of evidence suggests that the Hellfire component of the Apache Long-
bow test program does not disturb a substantial fraction of the local population and
would, therefore, not substantially affect abundance or reproduction of the local
mule deer population. Both the sound level– and distance-based risk estimates indi-
cate that, at most, only a small fraction of the local population would be affected. The
risk estimate derived using the BNOISE2-predicted zone of disturbance indicated
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that 14% of the local population would be expected to exhibit a behavioral response
per Hellfire test detonation. The assumption that exposed deer in each of the five
test firings are largely the same deer may underestimate the fraction of the popula-
tion that is disturbed at least once during the entire test period. However, animals
exposed multiple times to a blast are likely to become habituated and not to exhibit
the disturbance response.

Table 3. Summary of the risk characterization1 for the desert mule deer
population exposed to Hellfire missiles in the 126-km2 assessment
area in Cibola Range, Yuma Proving Ground.

Population-
Behavioral level

Effect Effect3

Evidence Result2 Result Explanation

CSEL/ungulate
behavior relationship

— — The risk estimate derived
using the
BNOISE2-predicted zone
of disturbance indicated
that 10 deer in the 126 km2

area would be expected to
exhibit a behavioral
response per Hellfire test
detonation. That
corresponds to 14% of the
local population.

Distance/ ungulate
behavior relationship

— — The distance-based risk
estimate indicated that
zero deer in the 126 km2

area would be expected to
exhibit a behavioral
response to a Hellfire test
detonation. Thus,
population-level effects are
not expected, based on this
line of evidence.

CSEL/hearing damage
relationship

— — The risk estimate derived
using the
BNOISE2-predicted zone
of injury indicated that
zero deer in the 126 km2

area would be expected to
exhibit a behavioral
response per Hellfire test
detonation. Thus,
population-level effects also
are not expected, based on
this evidence.

(Continued on next page)
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Table 3. Summary of the risk characterization1 for the desert mule deer
population exposed to Hellfire missiles in the 126-km2 assessment
area in Cibola Range, Yuma Proving Ground. (Continued)

Population-
Behavioral level

Effect Effect3

Evidence Result2 Result Explanation

Weight of evidence — — The weight of evidence
suggests that the Hellfire
component of the Apache
Longbow test program
would not elicit a
behavioral response from a
substantial portion
(>20%) of the local
population and would,
therefore, not substantially
affect abundance or
reproduction of the local
mule deer population.

The weight of evidence also
suggests that the Hellfire
component of the Apache
Longbow test program
does not cause hearing
damage to a substantial
portion (≥20%) of the
local population and
would, therefore, not
substantially affect
abundance or
reproduction of the local
mule deer population.

1The authors have low confidence in the risk characterization for the Hellfire missile
activity because of the paucity of relevant effects data.
2An effect is presumed to be negative if fewer than 20% of the mule deer are affected.
3Level of confidence in population-level effect would be low even if a large-scale
behavioral effect was predicted.

Because the lines of evidence did not indicate a significant risk for individuals, it
follows that there would not be a risk to the population.

Hearing damage

The weight of evidence suggests that the Hellfire component of the Apache Long-
bow test program does not cause hearing damage to either individuals or the local
population and would, therefore, not substantially affect abundance or reproduction
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of the local mule deer population. Only one line of evidence, the sound level–based
risk estimate, was available. That hypothetical estimate indicated that not even one
deer would be exposed to potentially damaging sound levels. Regarding the effects
level, the CSEL threshold for injury is based on a very conservative threshold for
hearing damage for humans, although no data are available for judging whether
this threshold is valid for mule deer.

Combined modes of action

The weight of evidence suggests that the five blasts of the Hellfire component of
the Apache Longbow test program would disturb few deer, would not cause hearing
damage to a single deer, and would not cause injury to any deer due to shrapnel or
fire.

New information

At least two relevant investigations have been published since this ecological risk
assessment was undertaken. In the first, black bears at Camp Lejeune did not respond
to weapons firing through local movements (Telesco and van Manen 2006). An
exception is that younger bears moved away from high disturbance noise zones
(>70 dB CSEL) more than older bears. However, at larger scales (daily movement
scales and annual home range scales), bears avoided high disturbance noise zones.
The authors attribute the avoidance partly to lack of forest structure and camping of
military personnel near firing positions, as well as to noise. This study of a military
training program is only partly relevant to our study of a military testing program,
because in the former, firing exercises occurred on 149 of 317 monitoring days
(Telesco and van Manen 2006), that is, much more frequently than the firing in
the YPG test. Nonetheless, any study of wildlife population impacts of noise from
military programs would benefit from radiotelemetry conducted at large spatial and
temporal scales.

In a second study, Sonoran pronghorn exposed to bombing, strafing, smoke,
and/or heat flares at Barry M. Goldwater Range did not display abnormal behavioral
changes, nor did any animals move ≥10 m when any of these military activities were
present (Krausman et al. 2004). Across 3 years, 592 such events were monitored, a
much higher frequency of event than the missile firings in this study. Although sound
levels and distances of pronghorn from detonation points were not measured, this
study confirms somewhat the negative results of our study.

Uncertainty and Variability

Sources of uncertainty and variability that are likely to affect this assessment have
been discussed throughout the preceding sections. Major issues with respect to the
risk assessment for the Hellfire component of the Apache Longbow test are:

� No quantitative exposure-response data for blast noise and ungulates are avail-
able. The CSELs used herein are for “disturbance” and acoustic thresholds of
humans, and the exposure characteristics for the cannonfire tested with moose
were not specified.
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� No quantitative data relating behavioral responses of individuals to population-
level effects (i. e., abundance and reproduction) are available.

� Terrain was not included in the BNOISE2 simulations, although the capability
is available.

� The extent of validation of the BNOISE2 model is unknown.
� Exposure and/or effects data are not available for other Hellfire-related stres-

sors (i.e., shrapnel and fire) and ungulates.
� The number of mule deer in the assessment area at the time of the Hellfire

missile test is uncertain.

RESEARCH GAPS

Additional data and methods that are needed to improve the assessment of risks
from missile testing and training flow from the uncertainties identified throughout
this article. The primary data gap for missile tests is the lack of quantitative exposure–
response data for blast noise and common wildlife receptors. Efforts to fill this gap
should focus on receptors that are likely to be sensitive and exposed at missile testing
and training facilities (e .g ., mule deer, antelope, and other ungulates). Potentially
useful studies could include tests with individual animals where exposure (e .g ., CSEL
at receptor and distance from blast), effects (e .g ., distance flushed and heart rate),
and habituation could be measured under controlled conditions (e .g ., fixed test
charges) or field tests with representative munitions (e .g ., Hellfire missiles) and
free ranging animals.

Research on the relative sound frequencies that vertebrates other than humans
hear is needed. C-weighted decibels do not necessarily reflect ungulate or mule deer
hearing. Similarly, thresholds for hearing damage could be investigated.

Another major source of uncertainty is the lack of data relating behavioral re-
sponses of individuals to population-level effects (i. e., abundance and reproduc-
tion). Studies relating measurable responses for individuals (e .g ., distance flushed,
number of times flushed, and degree of habituation) to relevant measures of
population-level effects (e .g ., calving success or population abundance) would be
the most useful from a risk assessment perspective. An ideal study of desert mule deer
that would support this risk assessment or a larger scale assessment for a training
program would be conducted with Hellfire missiles and free-ranging desert mule
deer. Such a study would examine behavioral effects on all age and sex classes, es-
pecially during sensitive times for reproduction, as well as more direct measures of
reproduction (e .g ., fawning success).

For Hellfire missiles, exposure and effects data could be helpful for common
ecological receptors and stressors other than sound (e .g ., shrapnel and fire). These
data might include the density of shrapnel per unit area with distance from the point
of detonation, the likelihood and spatial extent of fires, and the severity of injury
caused by shrapnel and fire. The research would be more pertinent to larger scale
testing or training programs than small tests, because tests at a small scale could not
cause adverse effects to a population. In addition, for a retrospective risk assessment,
it would be possible to survey the area for impacts on plants and vertebrates. However,
the shrapnel model described earlier could be useful for prospective assessments.
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