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Simple Summary: Wildfires are increasing in frequency and severity across the Western United
States. Efforts to understand the health impacts on humans are widespread and expanding; however,
very little is known about the impact of wildfires and smoke exposure on livestock. This work
presents the results of a survey of cattle, sheep, and goat producers in California, Oregon, and
Nevada, on their experiences during the 2020 wildfire season. While few direct impacts of fires
were reported among the 70 responses, 26% of respondents reported they had to evacuate livestock
and 19% reported pasture losses. Indirect losses from smoke exposure, including pneumonia and
reproductive losses were reported more broadly. This preliminary work highlights the need to better
understand impacts of wildfires on livestock and how policy changes can help support the livestock
production industry through these crises.

Abstract: Wildfires are increasing in frequency and severity across the Western United States. How-
ever, there is limited information available on the impacts these fires are having on the livelihood
of livestock producers and their animals. This work presents the results of a survey evaluating the
direct and indirect impacts of the 2020 wildfire season on beef cattle, dairy cattle, sheep, and goat,
producers in California, Oregon, and Nevada. Seventy completed surveys were collected between
May and July 2021. While dairy producers reported no direct impacts from the fires, beef, sheep,
and goat producers were impacted by evacuations and pasture lost to fires. Only beef producers
reported losses due to burns and burn-associated deaths or euthanasia. Dairy, beef, sheep, and
goat producers observed reduced conception, poor weight gain, and drops in milk production.
All but dairy producers also observed pneumonia. Lower birthweights, increased abortion rates,
and unexplained deaths were reported in beef cattle, sheep, and goats. This work documents the
wide-ranging impacts of wildfires on livestock producers and highlights the need for additional work
defining the health impacts of fire and smoke exposure in livestock, as well as the policy changes
needed to support producers experiencing direct and indirect losses.

Keywords: wildfires; livestock; cattle; production losses; smoke

1. Introduction

Globally, climate change has been predicted to increase the risk of wildfires in most
areas of the world [1]. In 2020, more than 59,000 wildfires burned 4.09 million hectares (ha)
in the United States, with more than 90% of this hectarage in the West [2]. The frequency
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and intensity of wildfires has continued to increase annually across the Western United
States [3,4]. The National Interagency Fire Center (NIFC) reported 10,431 fires burning
1,656,034.6 ha in California, 2215 fires burning 461,994.2 ha in Oregon, and 770 fires burning
104,924.9 ha in Nevada, during 2020 alone [5]. Five of the top 20 largest and most destructive
wildfires in California history occurred in 2020 [6,7]. Ongoing drought conditions, and
drier climatic conditions, are predicted to contribute to intensifying wildfires [8,9].

Across both human and animal research, additional data is needed on the effects of
natural exposure to wildfire smoke. With the increased occurrence of wildfires, literature
studying the impacts of wildfires on human health has been rapidly expanding [10-19].
The evaluation of smoke and particulate matter exposure and human health outcomes has
been a particular focus [20-24]. Literature on wildfire and smoke impacts in livestock on
the other hand is very limited.

The predominance of available literature on smoke inhalation in animals is based on
experimental studies. Ovine models in particular have been used for decades to study
the pathophysiology of smoke inhalation in humans [25-36], and to evaluate potential
treatment options [37-46]. Rodent models of smoke inhalation have been used toward the
same research goals, though the inferences to livestock physiology are more limited [47-51].
While these data provide some initial insights into the pathophysiology of smoke exposure
in livestock, the lack of corresponding data on natural exposures limits the ability to make
evidence-based inferences about the impacts of natural wildfire smoke exposure on animal
production and health outcomes.

A few recent publications have attempted to summarize what is known, and presented
some new findings, about animals naturally exposed to wildfire smoke. A review out
of Australia summarized the literature on brushfire smoke exposure in cattle [52]. The
article highlighted that the available literature is focused on the impact of particulate matter
emissions, primarily in humans. Some studies were available on ambient air pollution
associated with feedlots, however, little to no data about smoke associated with fires was
reported. Few to no health impacts on cattle were reported in the review, however, there
were no studies available directly evaluating the impacts of smoke exposure in these ani-
mals [52]. Researchers at the University of California, Davis, recently published a study
on cats hospitalized with burns and smoke inhalation following the 2017-2018 California
wildfires; the cats were shown to have significant cardiovascular changes based on serial
echocardiograms [53]. Rhesus macaques housed at the California National Primate Re-
search Center and naturally exposed to wildfire smoke were reported to have pregnancy
losses following heavy smoke exposure [54]. Additionally, early data suggests that immune
suppression may be evident in macaques even 12 years following smoke exposure [54].
These latest studies both document an association between smoke exposure and diverse
pathologies, and highlight the lack of peer-reviewed research in this area, underscoring the
need for additional information.

While peer-reviewed articles are limited, agricultural support organizations, coop-
erative extension, universities, government, and news media have produced and shared
numerous guidance documents on protecting livestock, ranches, range, and pasturelands
from wildfires [55-64]. Additionally, guidance on the treatment of burned animals and
the care of animals following exposure to fires is available [57,65-69]. While some losses,
such as that of feed and pastureland, have been well documented, there is less information
about livestock production losses [70,71]. Current welfare and indemnity programs are
focused on documented and easily quantifiable direct losses, suggesting a gap in policy
support for wildfire associated livestock production losses [72].

This work aimed to collect information from beef cattle, dairy cattle, sheep, and goat
producers in California, Oregon, and Nevada, on their experiences and associated losses
during the 2020 wildfire season, to better understand potential direct and indirect losses
producers may be observing associated with wildfires.
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2. Materials and Methods

A semi-structured questionnaire, including a combination of multiple choice and
open-ended questions, was developed using Qualtrics software, version May 2021 [73].
Questions assessed the direct and indirect impacts of wildfires on livestock following the
2020 wildfire season (Supplementary File S1). Direct impacts included losses associated
with burns and burn-associated deaths and euthanasia, as well as evacuations and pasture
losses. Indirect impacts were those primarily associated with smoke inhalation or the stres-
sors of movements, evacuation, or confinement following the primary fire threat. Survey
results represent a convenience sampling of observational data [74]. The questionnaire was
distributed to contacts and listservs associated with livestock producers in California, Ore-
gon, and Nevada, including University of California Agriculture and Natural Resources,
the California Cattlemen’s Association, California Wool Growers Association, Western
United Dairies, Oregon State University Extension Service, and the Oregon Cattlemen’s
Association. The survey was opened and electronically distributed 18 May 2021 and was
closed 31 July 2021. Using the Qualtrics platform, producers were able to respond using
smartphones or computers. Producers were encouraged to participate in the survey even if
they did not suffer losses associated with wildfires.

Data were cleaned and analyzed in R Studio [75]. Previews (instances when the survey
was opened and trialed during the development phase) and incomplete submissions
were discarded. Seventy completed responses qualified for analysis using these criteria.
Responses were divided based on the type of livestock owned. Proportion of responses
were calculated as the number of respondents who selected a given answer divided
by the number of responding producers for that given livestock type. Some producers
owned multiple livestock types and were thus included in the denominators for each
respective type.

3. Results

A total of 70 completed responses were analyzed, 61 from California, 8 from Oregon,
and 1 from Nevada. The counties from which responses were received were mapped
(Figure 1a; 25/70 respondents did not provide county information) and the distribution
of responses by livestock type and state were plotted (Figure 1b). Among respondents,
8 owned dairy cattle, 46 owned beef cattle, 17 owned sheep, and 11 owned goats. Eleven
respondents owned multiple species. Survey respondents also reported their herd sizes
(Figure 1c). All dairy respondents had more than 100 cattle, while goat respondents had
fewer than 100. The survey captured beef and sheep producers with herd sizes ranging
from less than 10 to greater than 250.

The proportion of respondents, by livestock type, reporting direct and/or indirect
losses was calculated (Figure 2). Responding dairy producers reported no direct effects.
Beef cattle, sheep, and goat producers reported being impacted by evacuations (30%, 18%,
and 17%, respectively) and lost pasture (20%, 24%, and 8%, respectively); only beef cattle
producers reported direct losses due to skin burns (7%), euthanasia following burns (2%),
or direct deaths (4%). Indirect impacts, those presumably attributed to smoke inhalation or
evacuation and movement stressors, were more widely reported. Pneumonia was reported
by beef (30%), sheep (41%), and goat (50%) producers, though not by dairy producers.
Reduced rates of conception were reported across livestock types, with 50% of sheep pro-
ducers reporting drops in conception. Negative impacts on weight gain were also reported
across all livestock types, impacting 13-26% of producers. Additional reproductive losses,
including lower birthweights and higher rates of abortion were reported among beef cattle,
sheep, and goat producers, with sheep reporting such losses most commonly. Decreased
milk production was reported across livestock types, with 13% of dairy producers reporting
losses. Unexplained deaths were reported by 26% of beef cattle producers, and to a lesser
extent among sheep (6%) and goat (8%) herds. No producers reported refusal to eat forage
or graze pasture due to ash or smoke.
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Figure 1. Livestock producers responding to a survey on 2020 wildfire impacts on livestock production and health,
(a) mapped by county of origin (note: 25/70 respondents did not identify their county), (b) by livestock type and state,
(c) by livestock type and herd size.
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Figure 2. Proportion of survey respondents reporting they experienced or observed (a) direct and/or (b) indirect effects of
2020 wildfires by livestock type.
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In addition to the direct and indirect losses reported in Figure 2, open-ended questions
about losses provided some additional insights. Six beef producers, one sheep producer,
and one goat producer reported pneumonia or respiratory issues due to heavy smoke.
Erratic behavior resulting in broken fences was noted by a dairy producer. Two beef and
one sheep producer mentioned deaths or abortions in the immediate days after heavy
smoke exposure. One beef and one goat producer mentioned the stress of evacuations,
with one beef producer also reporting loss of dam—calf pairings in the chaos. Disruption of
conception cycles was noted by one beef and one sheep producer. One beef cattle producer
in Oregon who sheltered in place used all of their winter hay while keeping the animals
corralled during the fire. The negative impact of ash and fire debris on water quality was
also a concern expressed by a beef producer.

4. Discussion

This preliminary study is one of the first to report producers’ perspectives on the
direct and indirect impacts of wildfires on livestock in the Western United States, providing
critical insights from an understudied at-risk population. Results show beef, sheep, and
goat producers appear to be more impacted by evacuations and loss of pasture, than
other direct losses such as livestock burns and deaths. The most commonly reported
indirect impact was pneumonia secondary to smoke exposure. Bovine respiratory disease
has been linked to stress and immune suppression, as well as congregation of cattle or
lack of biosecurity [76,77]. The stress of evacuation or movement, in combination with
congregation and possible commingling with animals from other herds and handling
by outsiders, may have been a contributing factor in the respiratory disease observed
by survey participants. Interestingly, dairy producers responding to the survey failed
to observe clinical respiratory disease but reported a drop in milk production as well
as decreased fertility. One explanation could be that the impact on dairy cattle was less
traumatic and did not include an increase in congregation, handling, or movement, as
none of the dairy producers reported evacuation. Producers that had to evacuate were also
likely closer to a wildfire and thus may have also been exposed to higher concentrations of
particulate matter. Furthermore, changes in milk production can easily be measured on
dairies and are of utmost importance to their business, therefore, they are also more likely
to be noted by dairy producers. The aforementioned studies on ovine models of smoke
inhalation leave little doubt that smoke inhalation in ruminants may contribute to lung
pathology, compounding the effect of stress and associated immune suppression. Overall,
the available evidence across species appears to be consistent.

Impacts on reproduction, including reduced conception, low birthweight, poor weight
gain, and even abortion, were reported across species, with participating sheep producers
representing the largest proportion of herds impacted. This finding is particularly interest-
ing given the lack of previous literature on this topic, and the documentation of reduced
birthweight and increased preterm births in women exposed to smoke [16]. Disruption of
cyclicity may have been partially attributable to stress related to nearby wildfires. Stunted
offspring observed by survey respondents may be due to the same pathophysiological
processes that are suspected to contribute to premature births in humans [16]. These may
include the cytotoxic effects of inhalation of oxygen-free radicals [78], or the disruption of
fetal-maternal circulation [79], which have been shown to result in low birth weights and
other poor birth outcomes [80]. A recent study reported miscarriage in Rhesus macaques
naturally exposed to wildfire smoke, further supporting the need to expand research of
these reproductive impacts of smoke on animals [54].

Losses such as the ones reported by survey respondents are likely to have a large
impact on the livelihood of producers, and further investigation is warranted. Across direct
and indirect impacts, those animals that are most reliant on pasture, and thus more highly
exposed, were the most affected. More detailed analysis of the impact of wildfires on forage
and water quality post-fire, which may explain some of these observations, are ongoing.
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As a convenience sampling, the results of this study are not representative of all pro-
ducers, livestock species, or areas impacted by wildfires. Evaluating the response numbers
against the total number of producers in the participating states for the different livestock
commodities shows that only a small proportion filled out surveys. For example, according
to the 2017 USDA census of agriculture, there were 4587 beef farms, 1653 dairy farms,
3807 sheep and lamb flocks, and 3938 goat herds in California [81]. However, the purpose
of the study was not to estimate, with a high degree of confidence, the percent of livestock
impacted, but to assess whether there is any evidence to suggest that smoke exposure due
to wildfires may pose health risks to livestock. In addition, these outreach efforts were
likely unable to reach the entire population of livestock producers, especially not those
with limited or no online access. Rather, this study focused on those producers who are
part of local livestock associations or known to Cooperative Extension advisors. Given the
preliminary nature of the survey, where the main goal was hypothesis generation, statistical
techniques to adjust responses to better reflect the sampled population, such as survey-
weighting, were not attempted. As such, results should not be interpreted as providing
estimates of affected producers in each of the targeted commodities or states. Results do,
however, provide initial insights to direct future, more detailed, work. Additionally, the
authors acknowledge that those producers who were impacted by wildfires may be more
likely to complete surveys on this topic, which may bias results toward an overestimation
of the risks. However, additional work is needed to determine if such bias occurred.

As climate change continues to drive weather extremes, the Western U.S. can expect to
continue to see prolonged drought conditions and the ongoing increase in the number and
severity of wildfires. This work begins to document the indirect impact of these wildfires
on livestock producers. While the impacts of wildfires, and particularly smoke, are being
broadly investigated in humans, very little information is available on livestock. Difficulty
in estimating effects of smoke and other sequelae of wildfires on livestock health stem from
the fact that data on livestock health and production parameters in privately owned herds
is not readily available. Additionally, factors such as feed availability during drought years
may confound results. While limited in scope, this work highlights the reality of losses
and impacts on livestock, and the need for additional work in this area. Many of the losses
reported, including having to evacuate animals, are not covered by existing relief programs.
Direct losses not resulting in death are not eligible for indemnity [82]. While some of the
effects of wildfires are difficult to mitigate for pasture-raised animals, it is critical that
we understand the impact on livestock producers and shape policy to support this vital
industry. This study supports the need for additional investigations into the health impacts
of wildfires and smoke on livestock, and the need to better quantify the prevalence and
scale of effects on respiratory and reproductive health in particular. Further knowledge in
this area may help with the development of best practices, such as the use of metaphylaxis
or other interventions, to mitigate any adverse effects on health and production of grazing
livestock. Additionally, strategies to expedite veterinary support and returns to normal
reproductive cycles after wildfire exposure are needed. Further knowledge can provide
context for extension agents to work with producers to mitigate future livestock production
losses due to indirect impacts of wildfire. Finally, as more is known about the extent and
areas in which livestock production losses are occurring, assessments of current relief
programs should be made to determine if producers are eligible for, and receiving, the aid
they need.

5. Conclusions

This study provides one of the first reports of direct and indirect losses livestock
producers are experiencing due to wildfires in the Western United States. While this work
represents a convenience sampling of a small number of producers, the results support the
need for ongoing research and funding in this area to better quantify losses for targeted
mitigations and policy-backed aid and indemnity. The extensive reproduction-associated
losses in particular should be highlighted for additional study.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11113230/s1, Supplementary File S1. Qualtrics survey administered to livestock producers
from California, Oregon, and Nevada between May and July 2021 to understand the direct and
indirect impacts of the 2020 wildfire season on livestock health and production.

Author Contributions: This project was conceptualized by G.U.M., with survey planning and design
by J.R.,, K.C.O.,,LM.R,, R.C.B. and TK.S., K.C.O. and J.R. developed the electronic survey using the
Qualtrics software platform. G.UM.,, J.R,, LM.R,, TK.S. and R.C.B. distributed and promoted the
survey. Data cleaning and analysis, and drafting of the manuscript, were performed by K.C.O. All
authors contributed to the revision of the final manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was performed with no external funding. Publication costs were supported
through the University of California, Davis, Library Open Access Funds.

Institutional Review Board Statement: This study and the associated questionnaire were evaluated
by the University of California, Davis Institutional Review Board, IRB ID: 1754926-1 and were
determined to be exempt from IRB review.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The complete dataset is available upon request. Please contact Gabriele
Maier, gumaier@ucdavis.edu.

Acknowledgments: Thank you to those livestock producers who took the time to contribute their
time and experience to this effort.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu,R,; Yu, P; Abramson, M.].; Johnston, EH.; Samet, ].M.; Bell, M.L.; Haines, A.; Ebi, K.L.; Li, S.; Guo, Y. Wildfires, Global Climate
Change, and Human Health. N. Engl. J. Med. 2020, 383, 2173-2181. [CrossRef]

2. Congressional Research Service. Wildfire Statistics. 2021. Available online: https:/ /sgp.fas.org/crs/misc/IF10244.pdf (accessed
on 5 September 2021).

3. Dennison, P.E.; Brewer, S.C.; Arnold, J.D.; Moritz, M.A. Large wildfire trends in the western United States, 1984-2011. Geophysc
Res. Lett. 2014, 41, 2928-2933. [CrossRef]

4. i, S.; Banerjee, T. Spatial and temporal pattern of wildfires in California from 2000 to 2019. Sci. Rep. 2021, 11, 8779. [CrossRef]
[PubMed]

5. National Interagency Fire Center. National Report of Wildland Fires and Acres Burned by State. 2020. Available online:
https:/ /www.predictiveservices.nifc.gov/intelligence /2020_statssumm/fires_acres20.pdf (accessed on 5 September 2021).

6. CAL FIRE. Top 20 Largest California Wildfires. 2021. Available online: https://www.fire.ca.gov/media/4jandlhh/top20_acres.
pdf (accessed on 5 September 2021).

7. CAL FIRE. Top 20 Most Destructive California Wildfires. 2021. Available online: https://www.fire.ca.gov/media/t1rdhizr/top2
0_destruction.pdf (accessed on 5 September 2021).

8. National Interagency Coordination Center; N.LLE.C.Predictive Services. National Significant Wildland Fire Potential Outlook. 2021.
Available online: https://www.predictiveservices.nifc.gov/outlooks /monthly_seasonal_outlook.pdf (accessed on 5 September 2021).

9. Huang, Y, Jin, Y,; Schwartz, M.W.; Thorne, ].H. Intensified burn severity in California’s northern coastal mountains by drier
climatic condition. Environ. Res. Lett. 2020, 15, 104033. [CrossRef]

10. Rossiello, M.R; Szema, A. Health Effects of Climate Change-induced Wildfires and Heatwaves. Cureus 2019, 11, e4771. [CrossRef]
[PubMed]

11. Balmes, J.R. The Changing Nature of Wildfires: Impacts on the Health of the Public. Clin. Chest Med. 2020, 41, 771-776. [CrossRef]

12.  Reid, C.E.; Maestas, M.M. Wildfire smoke exposure under climate change: Impact on respiratory health of affected communities.
Curr. Opin. Pulm. Med. 2019, 25, 179-187. [CrossRef] [PubMed]

13. Black, C.; Tesfaigzi, Y.; Bassein, J.A.; Miller, L.A. Wildfire smoke exposure and human health: Significant gaps in research for a
growing public health issue. Environ. Toxicol. Pharmacol. 2017, 55, 186-195. [CrossRef] [PubMed]

14. Walter, C.M.; Schnieder-Futschik, E.K.; Knibbs, L.D.; Irving, L.B. Health impacts of bushfire smoke exposure in Australia.
Respirology 2020, 25, 495-501. [CrossRef]

15. Chen, H.; Samet, ].M.; Bromberg, P.A.; Tong, H. Cardiovascular health impacts of wildfire smoke exposure. Part. Fibre Toxicol.
2021, 18, 2. [CrossRef]

16.  Amijad, S.; Chojecki, D.; Osornio-Vargas, A.; Ospina, M.B. Wildfire exposure during pregnancy and the risk of adverse birth

outcomes: A systematic review. Environ. Int. 2021, 156, 106644. [CrossRef]


https://www.mdpi.com/article/10.3390/ani11113230/s1
https://www.mdpi.com/article/10.3390/ani11113230/s1
http://doi.org/10.1056/NEJMsr2028985
https://sgp.fas.org/crs/misc/IF10244.pdf
http://doi.org/10.1002/2014GL059576
http://doi.org/10.1038/s41598-021-88131-9
http://www.ncbi.nlm.nih.gov/pubmed/33888784
https://www.predictiveservices.nifc.gov/intelligence/2020_statssumm/fires_acres20.pdf
https://www.fire.ca.gov/media/4jandlhh/top20_acres.pdf
https://www.fire.ca.gov/media/4jandlhh/top20_acres.pdf
https://www.fire.ca.gov/media/t1rdhizr/top20_destruction.pdf
https://www.fire.ca.gov/media/t1rdhizr/top20_destruction.pdf
https://www.predictiveservices.nifc.gov/outlooks/monthly_seasonal_outlook.pdf
http://doi.org/10.1088/1748-9326/aba6af
http://doi.org/10.7759/cureus.4771
http://www.ncbi.nlm.nih.gov/pubmed/31363452
http://doi.org/10.1016/j.ccm.2020.08.006
http://doi.org/10.1097/MCP.0000000000000552
http://www.ncbi.nlm.nih.gov/pubmed/30461534
http://doi.org/10.1016/j.etap.2017.08.022
http://www.ncbi.nlm.nih.gov/pubmed/28892756
http://doi.org/10.1111/resp.13798
http://doi.org/10.1186/s12989-020-00394-8
http://doi.org/10.1016/j.envint.2021.106644

Animals 2021, 11, 3230 8 of 10

17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Reid, C.E.; Brauer, M.; Johnston, EH.; Jerrett, M.; Balmes, J.R.; Elliott, C.T. Critical Review of Health Impacts of Wildfire Smoke
Exposure. Environ. Health Perspect. 2016, 124, 1334-1343. [CrossRef]

Maxmen, A. California biologists are using wildfires to assess health risks of smoke. Nature 2019, 575, 15-16. [CrossRef] [PubMed]
Burke, M.; Driscoll, A.; Heft-Neal, S.; Xue, J.; Burney, J.; Wara, M. The changing risk and burden of wildfire in the United States.
Proc. Natl. Acad. Sci. USA 2021, 118, €2011048118. [CrossRef] [PubMed]

Cascio, W.E. Wildland fire smoke and human health. Sci. Total Environ. 2018, 624, 586-595. [CrossRef] [PubMed]

Liu, ].C,; Pereira, G.; Uhl, S.A.; Bravo, M.A_; Bell, M.L. A systematic review of the physical health impacts from non-occupational
exposure to wildfire smoke. Environ. Res. 2015, 136, 120-132. [CrossRef] [PubMed]

Adetona, O.; Reinhardt, T.E.; Domitrovich, J.; Broyles, G.; Adetona, A.M.; Kleinman, M.T.; Ottmar, R.; Naeher, L.P. Review of the
health effects of wildland fire smoke on wildland firefighters and the public. Inhal Toxicol. 2016, 28, 95-139. [CrossRef] [PubMed]
Holm, S.M.; Miller, M.D.; Balmes, J.R. Health effects of wildfire smoke in children and public health tools: A narrative review. J.
Expo. Sci. Environ. Epidemiol. 2021, 31, 1-20. [CrossRef] [PubMed]

Navarro, K. Working in Smoke: Wildfire Impacts on the Health of Firefighters and Outdoor Workers and Mitigation Strategies.
Clin. Chest Med. 2020, 41, 763-769. [CrossRef] [PubMed]

Herndon, D.N.; Traber, D.L.; Niehaus, G.D.; Linares, H.A.; Traber, L.D. The pathophysiology of smoke inhalation injury in sheep
model. . Trauma 1984, 24, 1044-1051. [CrossRef]

Cox, R.A; Burke, A.S.; Soejima, K.; Murakami, J.; Katahira, L.D.; Traber, D.N.; Herndon, F.C.; Schmalstieg, D.L.T.; Hawkins, H.K.
Airway obstruction in sheep with burn and smoke inhalation injuries. Am. J. Respir. Cell Mol. Biol. 2003, 29, 295-302. [CrossRef]
Herndon, D.N,; Traber, L.D.; Linares, H.; Flynn, ].D.; Niehaus, G.; Kramer, G.; Traber, D.L. Etiology of the pulmonary pathophysi-
ology associated with inhalation injury. Resuscitation 1986, 14, 43-59. [CrossRef]

Hubbard, G.B.; Langlinais, P.C.; Shimanzu, T.; Okerberg, C.V.; Mason, A.D.; Pruitt, B.A. The morphology of smoke inhalation
injury in sheep. J. Trauma 1991, 31, 1477-1486. [CrossRef]

Soejima, K.; McGuire, R.; Snyder, N.; Uchida, T.; Szabo, C.; Salzman, A.; Traber, L.D.; Trader, D.L. The effect of inducible nitric
oxide synthase (iNOS) inhibition on smoke inhalation injury in sheep. Shock 2000, 13, 261-266. [CrossRef]

Lalonde, C.; Demling, R.; Brain, J.; Blanchard, J. Smoke inhalation injury in sheep is caused by the particle phase, not the gas
phase. |. Apply Physiol. 1985, 77, 15-22. [CrossRef] [PubMed]

Abdi, S.; Evans, M.].; Cox, R.A.; Lubbesmeyer, H.; Herndon, D.N.; Traber, D.L. Inhalation injury to tracheal epithelium in an
ovine model of cotton smoke exposure: Early phase (30 minutes). Am. Rev. Respir. Dis. 1990, 142, 1436-1439. [CrossRef]

Jacob, S.; Kraft, R.; Zhu, Y.; Jacob, R.K.; Herndon, D.N.; Traber, D.L.; Hawkins, H.K.; Cox, R.A. Acute secretory cell toxicity and
epithelial exfoliation after smoke inhalation injury in sheep: An electron and light microscopic study. Toxicol. Mech. Methods 2010,
20, 504-509. [CrossRef]

Shimoda, K.; Nakazawa, H.; Traber, M.G.; Traber, D.L.; Nozaki, M. Plasma and tissue vitamin E depletion in sheep with burn and
smoke inhalation injury. Burns 2008, 34, 1137-1141. [CrossRef] [PubMed]

Maybauer, D.M.; Maybauer, M.O.; Traber, L.D.; Westphal, M.; Nakano, Y.Y.; Enkhbaatar, P.; Morita, N.; Herndon, D.N.; Traber,
D.L. Effects of severe smoke inhalation injury and septic shock on global hemodynamics and microvascular blood flow in sheep.
Shock 2006, 26, 489-495. [CrossRef] [PubMed]

Barrow, R.E.; Wang, C.Z.; Cox, R.A.; Evans, M.]. Cellular sequence of tracheal repair in sheep after smoke inhalation injury. Lung
1992, 170, 331-338. [CrossRef]

Yamamato, Y.; Enkhbaatar, P.; Sakurai, H.; Rehbuerg, S.; Asmussen, S.; Ito, H.; Sousse, L.E.; Cox, R.A.; Deyo, D.J.; Traber, L.D.;
et al. Development of a long-term ovine model of cutaneous burn and smoke inhalation injury and the effects of early excision
and skin autografting. Burns 2012, 38, 908-916. [CrossRef] [PubMed]

Enkhbaatar, P; Esechie, A.; Wang, J.; Cox, R.A; Nakano, Y.; Hamahata, A.; Lange, M.; Traber, L.D.; Prough, D.S.; Herndon, D.N.;
et al. Combined anticoagulants ameliorate acute lung injury in sheep after burn and smoke inhalation. Clin. Sci. 2008, 114,
321-329. [CrossRef] [PubMed]

Enkhbaatar, P.; Cox, R.A.; Traber, L.D.; Westphal, M.; Aimalohi, E.; Morita, N.; Prough, D.S.; Herndon, D.N.; Traber, D.L.
Aerosolized anticoagulants ameliorate acute lung injury in sheep after exposure to burn and smoke inhalation. Crit. Care Med.
2007, 2007, 12. [CrossRef]

Enkhbaatar, P.; Connelly, R.; Wang, J.; Nakano, Y.; Lange, M.; Hamahata, A.; Horvath, E.; Szabo, C.; Jarch, S.; Holscher, P; et al.
Inhibition of neuronal nitric oxide synthase in ovine model of acute lung injury. Crit. Care Med. 2009, 37, 208-214. [CrossRef]
Westphal, M.; Enkhbaatar, P.; Schmalstieg, F.C.; Kulp, G.A ; Traber, L.D.; Morita, N.; Cox, R.A.; Hawkins, HK.; Westphal-Varghese,
B.B.; Rubloff, H.E.; et al. Neuronal nitric oxide synthase inhibition attenuates cardiopulmonary dysfunctions after combined burn
and smoke inhalation injury in sheep. Crit. Care Med. 2008, 36, 1196-1204. [CrossRef] [PubMed]

Morita, N.; Traber, M.G.; Enkhbaatar, P.; Westphal, M.; Murakami, K.; Leonard, S.W.; Cox, R.A.; Hawkins, H.A.; Herndon, D.;
Traber, L.D.; et al. Aerosolized alpha-tocopherol ameliorates acute lung injury following combined burn and smoke inhalation
injury in sheep. Shock 2006, 25, 277-282. [CrossRef]

Morita, N.; Shimoda, K.; Traber, M.G.; Westphal, M.; Enkhbaater, P.; Murakami, K.; Leonard, S.W.; Traber, L.D.; Traber, D.L.
Vitamin E attenuates acute lung injury in sheep with burn and smoke inhalation injury. Redox Rep. 2006, 11, 61-70. [CrossRef]
[PubMed]


http://doi.org/10.1289/ehp.1409277
http://doi.org/10.1038/d41586-019-03345-2
http://www.ncbi.nlm.nih.gov/pubmed/31690854
http://doi.org/10.1073/pnas.2011048118
http://www.ncbi.nlm.nih.gov/pubmed/33431571
http://doi.org/10.1016/j.scitotenv.2017.12.086
http://www.ncbi.nlm.nih.gov/pubmed/29272827
http://doi.org/10.1016/j.envres.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25460628
http://doi.org/10.3109/08958378.2016.1145771
http://www.ncbi.nlm.nih.gov/pubmed/26915822
http://doi.org/10.1038/s41370-020-00267-4
http://www.ncbi.nlm.nih.gov/pubmed/32952154
http://doi.org/10.1016/j.ccm.2020.08.017
http://www.ncbi.nlm.nih.gov/pubmed/33153693
http://doi.org/10.1097/00005373-198412000-00007
http://doi.org/10.1165/rcmb.4860
http://doi.org/10.1016/0300-9572(86)90006-7
http://doi.org/10.1097/00005373-199111000-00003
http://doi.org/10.1097/00024382-200004000-00002
http://doi.org/10.1152/jappl.1994.77.1.15
http://www.ncbi.nlm.nih.gov/pubmed/7961227
http://doi.org/10.1164/ajrccm/142.6_Pt_1.1436
http://doi.org/10.3109/15376516.2010.511302
http://doi.org/10.1016/j.burns.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18513874
http://doi.org/10.1097/01.shk.0000230300.78515.ed
http://www.ncbi.nlm.nih.gov/pubmed/17047520
http://doi.org/10.1007/BF00177579
http://doi.org/10.1016/j.burns.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22459154
http://doi.org/10.1042/CS20070254
http://www.ncbi.nlm.nih.gov/pubmed/17927568
http://doi.org/10.1097/01.ccm.0000291647.18329.83
http://doi.org/10.1097/CCM.0b013e318193226a
http://doi.org/10.1097/CCM.0b013e31816a1a0c
http://www.ncbi.nlm.nih.gov/pubmed/18379246
http://doi.org/10.1097/01.shk.0000208805.23182.a7
http://doi.org/10.1179/135100006X101020
http://www.ncbi.nlm.nih.gov/pubmed/16686996

Animals 2021, 11, 3230 90of 10

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

Palmieri, T.L.; Enkhbaatar, P.; Bayliss, R.; Traber, L.D.; Cox, R.A.; Hawkins, H.K.; Herndon, D.N.; Greenhalgh, D.G.; Traber, D.L.
Continuous nebulized albuterol attenuates acute lung injury in an ovine model of combined burn and smoke inhalation. Crit.
Care Med. 2006, 34, 1719-1724. [CrossRef]

Maybauer, M.O.; Maybauer, D.M.; Fraser, ].E,; Traber, L.D.; Westphal, M.; Enkhbaatar, P.; Cox, R.A.; Huda, R.; Hawkinds, HK.;
Morita, N.; et al. Recombinant human activated protein C improves pulmonary function in ovine acute lung injury resulting
from smoke inhalation and sepsis. Crit. Care Med. 2006, 34, 2432-2438. [CrossRef] [PubMed]

Murakami, K.; McGuire, R.; Cox, R.A.; Jodoin, ].M.; Schmalstieg, F.C.; Traber, L.D.; Hawkins, H.K.; Herndon, D.N.; Traber, D.L.
Recombinant antithrombin attenuates pulmonary inflammation following smoke inhalation and pneumonia in sheep. Crit. Care
Med. 2003, 31, 577-583. [CrossRef]

Murakami, K.; Enkhbaatar, P.; Shimoda, K.; Mizutani, A.; Cox, R.A.; Schmalstieg, F.C.; Jodoin, ].M.; Hawkins, H.K,; Traber, L.D.;
Traber, D.L. High-dose heparin fails to improve acute lung injury following smoke inhalation in sheep. Clin. Sci. 2003, 104,
349-356. [CrossRef]

Jacob, S.; Deyo, D.J.; Cox, R.A.; Traber, D.L.; Herndon, D.N.; Hawkins, H.K. Mechanisms of toxic smoke inhalation and burn
injury: Role of neutral endopeptidase and vascular leakage in mice. Toxicol. Mech. Methods 2009, 19, 191-196. [CrossRef] [PubMed]
Jacob, S.; Deyo, D.J.; Cox, R.A.; Jacob, RK.; Herndon, D.N.; Traber, D.L.; Hawkins, H.K. Substance P antagonist CP-96345 blocks
lung vascular leakage and inflammation more effectively than its stereoisomer CP-96344 in a mouse model of smoke inhalation
and burn injury. Toxicol. Mech. Methods 2010, 20, 197-203. [CrossRef]

Li, T; Cai, S.; Zeng, Z.; Zhang, ].; Gao, Y.; Wang, X.; Chen, Z. Protective effect of polydatin against burn-induced lung injury in
rats. Respir. Care 2014, 59, 1412-1421. [CrossRef] [PubMed]

Jacob, S.; Deyo, D.J.; Cox, R.A; Traber, D.L.; Hawkins, H.K. Assessment of lung inflammation in a mouse model of smoke
inhalation and burn injury: Strain-specific differences. Toxicol. Mech. Methods 2008, 18, 551-559. [CrossRef] [PubMed]

Mizutani, A.; Enkhbaatar, P.; Esechie, A.; Trabder, L.D.; Cox, R.A.; Hawkins, H.K.; Deyo, D.J.; Murakami, K.; Noguchi, T.; Traber,
D.L. Pulmonary changes in a mouse model of combined burn and smoke inhalation-induced injury. J. Appl. Physiol. 2008, 105,
678-684. [CrossRef] [PubMed]

Eid, B.; Beggs, D.; Mansell, P. The Impact of Bushfire Smoke on Cattle—A Review. Animals 2021, 11, 848. [CrossRef]

Sharpe, A.N.; Gunther-Harrington, C.T.; Epstein, S.E.; Li, R H.L.; Stern, J.A. Cats with thermal burn injuries from California
wildfires show echocardiographic evidence of myocardial thickening and intracardiac thrombi. Sci. Rep. 2020, 10, 2648. [CrossRef]
[PubMed]

Willson, B.E.; Gee, N.A.; Willits, N.H.; Li, L.; Zhang, Q.; Pinkerton, K.E.; Lasley, B.L. Effects of the 2018 Camp Fire on birth
outcomes in non-human primates: Case-control study. Repro. Toxicol. 2021, 206, 128-135. [CrossRef]

Ledbetter, K. Wildfire damage to cattle may be more than the eye can see. In AgriLife Today; Texas A&M University: Amarillo, TX,
USA, 2011.

Ranches, J. Animal Exposure to Wildfire Smoke. 2020. Available online: https://extension.oregonstate.edu/animals-livestock /
beef/animal-exposure-wildfire-smoke (accessed on 5 September 2021).

Texas A&M Agrilife Extension, D.E.N. Managing and Caring for Horses Affected by Fires. 2007. Available online: https:
/ /texashelp.tamu.edu/wp-content/uploads/2016/02/managing-caring-for-horses-burns.pdf (accessed on 5 September 2021).
Smith, D.W. Protecting Farms & Ranches from Wildfires. 2016. Available online: https://texashelp.tamu.edu/wp-content/
uploads/2016/02/ProtectingFarmsRanchesfromWildfires.pdf (accessed on 5 September 2021).

Texas A&M AgrilLife Extension. Protection of Rangeland and Pastures from Wildfire. 2017. Available online: https:/ /texashelp.
tamu.edu/wp-content/uploads/2017/03/protection-rangeland-and-pastures-from-wildfire.pdf (accessed on 5 September 2021).
Madigan, J.; Wilson, D.; Stull, C. Wildfire, Smoke and Livestock. 2008. Available online: http:/ /cecentralsierra.ucanr.edu/files/
220420.pdf (accessed on 5 September 2021).

University of California Davis. Guidelines for Horses Exposed to Wildfire Smoke. 2017. Available online: https:/ /www.vetmed.
ucdavis.edu/news/guidelines-horses-exposed-wildfire-smoke (accessed on 5 September 2021).

Oregon State University Extension Service. Fire. 2021. Available online: https:/ /extension.oregonstate.edu/forests/fire (accessed
on 5 September 2021).

Environmental Protection Agency (EPA). Wildfire Smoke Factsheet: Protect Your Large Animals and Livestock from Wildfire
Smoke. 2021. Available online: https://www.airnow.gov /sites/default/files /2021-06 / protect-your-large-animals-and-livestock-
from-wildfire-smoke.pdf (accessed on 5 September 2021).

American Veterinary Medical Association (AVMA). Wildfire Smoke and Animals. 2021. Available online: https:/ /www.avma.
org/resources/pet-owners/emergencycare/wildfire-smoke-and-animals (accessed on 5 September 2021).

Fitzgerald, K.T.; Flood, A.A. Smoke Inhalation. Clin. Tech. Small Anim. Pract. 2006, 21, 205-214. [CrossRef]

Saxon, W.D,; Kirby, R. Treatment of acute burn injury and smoke inhalation. In Kirk’s Veterinary Therapy; Saunders: Philadelphia,
PA, USA, 1992.

Vaughn, L.; Beckel, N. Severe burn injury, burn shock, and smokeinhalation injury in small animals. Part 1: Burnclassification
and pathophysiology. J. Vet. Emerg. Crit. Care 2012, 22, 179-186. [CrossRef]

Vaughn, L.; Beckel, N.; Walters, P. Severe burn injury, burn shock, and smoke inhalation injury in small animals. Part 2: Diagnosis,
therapy, complications, and prognosis. J. Vet. Emerg. Crit. Care 2012, 22, 187-200. [CrossRef]


http://doi.org/10.1097/01.CCM.0000217215.82821.C5
http://doi.org/10.1097/01.CCM.0000230384.61350.FA
http://www.ncbi.nlm.nih.gov/pubmed/16810106
http://doi.org/10.1097/01.CCM.0000050444.52531.08
http://doi.org/10.1042/CS20020258
http://doi.org/10.1080/15376510902725649
http://www.ncbi.nlm.nih.gov/pubmed/19727335
http://doi.org/10.3109/15376511003674657
http://doi.org/10.4187/respcare.02831
http://www.ncbi.nlm.nih.gov/pubmed/24825914
http://doi.org/10.1080/15376510802251993
http://www.ncbi.nlm.nih.gov/pubmed/20020853
http://doi.org/10.1152/japplphysiol.00232.2007
http://www.ncbi.nlm.nih.gov/pubmed/18436699
http://doi.org/10.3390/ani11030848
http://doi.org/10.1038/s41598-020-59497-z
http://www.ncbi.nlm.nih.gov/pubmed/32060317
http://doi.org/10.1016/j.reprotox.2021.08.005
https://extension.oregonstate.edu/animals-livestock/beef/animal-exposure-wildfire-smoke
https://extension.oregonstate.edu/animals-livestock/beef/animal-exposure-wildfire-smoke
https://texashelp.tamu.edu/wp-content/uploads/2016/02/managing-caring-for-horses-burns.pdf
https://texashelp.tamu.edu/wp-content/uploads/2016/02/managing-caring-for-horses-burns.pdf
https://texashelp.tamu.edu/wp-content/uploads/2016/02/ProtectingFarmsRanchesfromWildfires.pdf
https://texashelp.tamu.edu/wp-content/uploads/2016/02/ProtectingFarmsRanchesfromWildfires.pdf
https://texashelp.tamu.edu/wp-content/uploads/2017/03/protection-rangeland-and-pastures-from-wildfire.pdf
https://texashelp.tamu.edu/wp-content/uploads/2017/03/protection-rangeland-and-pastures-from-wildfire.pdf
http://cecentralsierra.ucanr.edu/files/220420.pdf
http://cecentralsierra.ucanr.edu/files/220420.pdf
https://www.vetmed.ucdavis.edu/news/guidelines-horses-exposed-wildfire-smoke
https://www.vetmed.ucdavis.edu/news/guidelines-horses-exposed-wildfire-smoke
https://extension.oregonstate.edu/forests/fire
https://www.airnow.gov/sites/default/files/2021-06/protect-your-large-animals-and-livestock-from-wildfire-smoke.pdf
https://www.airnow.gov/sites/default/files/2021-06/protect-your-large-animals-and-livestock-from-wildfire-smoke.pdf
https://www.avma.org/resources/pet-owners/emergencycare/wildfire-smoke-and-animals
https://www.avma.org/resources/pet-owners/emergencycare/wildfire-smoke-and-animals
http://doi.org/10.1053/j.ctsap.2006.10.009
http://doi.org/10.1111/j.1476-4431.2012.00727.x
http://doi.org/10.1111/j.1476-4431.2012.00728.x

Animals 2021, 11, 3230 10 of 10

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Rethorst, D.N.; Spare, R.K.; Kellenberger, J.L. Wildfire Response in Range Cattle. Vet. Clin. Food Anim. 2018, 34, 281-288.
[CrossRef]

Texas A&M Agrilife Extension. Wildfires Leave behind Hungry Cattle and Downed Fences. 2011. Available online: https:
/ /texashelp.tamu.edu/wp-content/uploads /2016 /02 /Wildfires-leave-behind-hungry-cattle-and-downed-fences.pdf (accessed
on 5 September 2021).

Texas A&M Agrilife Extension. Wildfires Leave More than Ashes Behind. 2011. Available online: https:/ /texashelp.tamu.edu/
wp-content/uploads/2016/02/Wildfires-leave-more-than-ashes-behind.pdf (accessed on 5 September 2021).

United States Department of Agriculture (USDA); ES.A. USDA California Farm Service Agency Offers Wildfire Recovery
Assistance. 2021. Available online: https:/ /www.fsa.usda.gov /state-offices/California/news-releases /2020 /usda-california-
farm-service-agency-offers-wildfire-recovery-assistance (accessed on 5 September 2021).

Qualtrics; Version May 2021, Copyright 2021; Qualtrics: Provo, UT, USA, 2005.

Boslaugh, S. Encyclopedia of Epidemiology; SAGE Publications, Inc.: Thousand Oaks, CA, USA, 2008.

RStudio Team. RStudio: Integrated Development for R; RStudio, Inc.: Boston, MA, USA, 2015.

Hanzlicek, G.A.; Renter, D.R.; White, B.J.; Wagner, B.A.; Dargatz, D.A.; Sanderson, M.W.; Scott, H.M.; Larson, R.E. Management
practices associated with the rate of respiratory tract disease among preweaned beef calves in cow-calf operations in the United
States. Sci. Rep. 2013, 242, 1271-1278. [CrossRef] [PubMed]

Smith, D.R. Risk factors for bovine respiratory disease in beef cattle. Anim. Health Res. Rev. 2020, 21, 149-152. [CrossRef]
[PubMed]

Williams, K.M.; Franzi, L.M.; Last, ]J.A. Cell-specific oxidative stress and cytotoxicity after wildfire coarse particulate matter
instillation into mouse lung. Toxicol. Appl. Pharmacol. 2013, 266, 48-55. [CrossRef]

Malley, C.S.; Kuylenstierna, J.C.I,; Vallack, HW.; Henze, D.K.; Blencowe, H.; Ashmore, M.R. Preterm birth associated with
material fine particulate matter exposure: A global, regional and national assessment. Envion. Int. 2017, 101, 173-182. [CrossRef]
[PubMed]

Field, T.; Diego, M.; Hernandez-Reif, M. Prenatal depression effects of the fetus and newborn: A review. Infant Behav. Dev. 2006,
29, 445-455. [CrossRef]

United States Department of Agriculture (USDA); National Agricultural Statistics Service (NASS). Census of Agriculture. 2017.
Available online: www.nass.usda.gov/AgCensus (accessed on 5 September 2021).

Register, F. Supplemental Agricultural Disaster Assistance Programs, Payment Limitations, and Payment Eligibility. Final
Rule; 2014. Available online: https://www.federalregister.gov/documents/2018/10/02/2018-21257 /supplemental-agricultural-
disaster-assistance-programs-payment-limitation-and-payment-eligibility (accessed on 5 September 2021).


http://doi.org/10.1016/j.cvfa.2018.02.004
https://texashelp.tamu.edu/wp-content/uploads/2016/02/Wildfires-leave-behind-hungry-cattle-and-downed-fences.pdf
https://texashelp.tamu.edu/wp-content/uploads/2016/02/Wildfires-leave-behind-hungry-cattle-and-downed-fences.pdf
https://texashelp.tamu.edu/wp-content/uploads/2016/02/Wildfires-leave-more-than-ashes-behind.pdf
https://texashelp.tamu.edu/wp-content/uploads/2016/02/Wildfires-leave-more-than-ashes-behind.pdf
https://www.fsa.usda.gov/state-offices/California/news-releases/2020/usda-california-farm-service-agency-offers-wildfire-recovery-assistance
https://www.fsa.usda.gov/state-offices/California/news-releases/2020/usda-california-farm-service-agency-offers-wildfire-recovery-assistance
http://doi.org/10.2460/javma.242.9.1271
http://www.ncbi.nlm.nih.gov/pubmed/23600786
http://doi.org/10.1017/S1466252320000110
http://www.ncbi.nlm.nih.gov/pubmed/33682661
http://doi.org/10.1016/j.taap.2012.10.017
http://doi.org/10.1016/j.envint.2017.01.023
http://www.ncbi.nlm.nih.gov/pubmed/28196630
http://doi.org/10.1016/j.infbeh.2006.03.003
www.nass.usda.gov/AgCensus
https://www.federalregister.gov/documents/2018/10/02/2018-21257/supplemental-agricultural-disaster-assistance-programs-payment-limitation-and-payment-eligibility
https://www.federalregister.gov/documents/2018/10/02/2018-21257/supplemental-agricultural-disaster-assistance-programs-payment-limitation-and-payment-eligibility

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

