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ABSTRACT

This paper introduces a new, highly consequential setting for the
use of computer vision for environmental sustainability. Concen-
trated Animal Feeding Operations (CAFOs) (aka intensive livestock
farms or “factory farms”) produce significant manure and pollution.
Dumping manure in the winter months poses significant environ-
mental risks and violates environmental law in many states. Yet the
federal Environmental Protection Agency (EPA) and state agencies
have relied primarily on self-reporting to monitor such instances
of “land application” Our paper makes four contributions. First,
we introduce the environmental, policy, and agricultural setting
of CAFOs and land application. Second, we provide a new dataset
of high-cadence (daily to weekly) 3m/pixel satellite imagery from
2018-20 for 330 CAFOs in Wisconsin with hand labeled instances of
land application (n=57,697). Third, we develop an object detection
model to predict land application and a system to perform inference
in near real-time. We show that this system effectively appears to
detect land application (PR AUC = 0.93) and we uncover several
outlier facilities which appear to apply regularly and excessively.
Last, we estimate the population prevalence of land application
events in Winter 2021/22. We show that the prevalence of land
application is much higher than what is self-reported by facilities.
The system can be used by environmental regulators and interest
groups, one of which piloted field visits based on this system this
past winter. Overall, our application demonstrates the potential
for Al-based computer vision systems to solve major problems in
environmental compliance with near-daily imagery.
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1 INTRODUCTION

How can advances in machine learning be used to transform en-
vironmental sustainability? We illustrate its potential in agricul-
ture, which is the leading contributor to water pollution in the
United States [57]. Of particular concern are Concentrated Animal
Feeding Operations (CAFOs) (aka intensive livestock farms or “fac-
tory farms”), industrial-scale livestock operations that raise large
volumes of animals in close confinement. In 2008, CAFOs were
responsible for more than 50% of the total livestock production in
the U.S. [20], a number that has continued to grow in recent years
[27], both nationally and internationally [33].

CAFOs produce substantial amounts of manure and manure-
contaminated wastewater. The U.S. Government Accountability
Office (GAO) notes that a large hog farm can produce more than
1.6M tons of manure annually, more than 1.5 times the amount
produced by Philadelphia (1.5M residents) [39]. A large cattle farm
can produce more than 2M tons of manure [39]. In 1998, CAFOs
produced more than 133M tons of solid manure overall each year,
more than 13 times the annual amount of human waste across the
United States [3]. Unfortunately, more up-to-date estimates are
difficult to obtain because, according to the GAO, “[n]o federal
agency collects accurate and consistent data on the number, size,
and location of CAFOs” [39]. However, the increase in the number
of CAFOs tell us that the amount of waste is likely to have increased
proportionally. Given the amount of waste produced by CAFOs,
ensuring it is handled appropriately is of the utmost importance.
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Figure 1: Ground level view of truck performing land applica-
tion in the winter. Image Credit: John Klein, Environmentally
Concerned Citizens of South Central Michigan (ECCSCM).

CAFO waste can be a useful natural fertilizer. When applied inju-
diciously, however, it can lead to severe environmental and public
health problems [2]. Waste products have high concentrations of
nitrogen and phosphorus, leakage of which into waterways causes
eutrophication, i.e., deoxygenation and the resulting death of animal
life from excessive vegetation growth [35]. Even at recommended
application rates, nearby streams can be contaminated by fecal mat-
ter [36]. Other contaminants detected in both nearby groundwater
and bodies of water include heavy metals (e.g., arsenic) [34, 41],
antibiotics [5], microbial pathogens [16], and endocrine disrupt-
ing hormones (e.g., steroidal estrogen) [23, 45]. The effects are not
limited to waterways. Application results in air emissions of ammo-
nia, hydrogen sulfide, and methane [38]. The former are associated
with health risks such as bronchitis, inflammation, and burns to
the respiratory tract, while the latter increase greenhouse gas con-
centrations [27].

Of acute policy concern has been land application (i.e., the dis-
tribution of manure on land) in the winter time [33, 54]. Figure 1
illustrates the common technique for land application to a snow
covered field, namely by use of a tractor-drawn tank spreader. Such
winter land application poses distinct risks. Frozen and wet ground
and the dearth of crops (which can take up manure nutrients) are
believed to exacerbate nutrient runoff, thereby heightening the risk
of ground and surface water pollution [30, 32, 54, 61]. The issue
has been particularly contentious in Northern parts of the United
States and Canada [54]. The International Joint Commission by the
Great Lakes Water Quality Board suggested that land application
in the presence of snow and heavy rain be banned in order to keep
algal blooms under control [28].

1.1 Policy Setting

Due to the risks associated with winter land application, many
efforts have been focused on how to regulate practices and monitor
violations [33]. Transporting or storing waste is expensive and
facilities are often limited in their storage capacity [2], such that
some degree of winter application is likely.

Most developed countries regulate or ban winter manure appli-
cation [33]. The federal Environmental Protection Agency (EPA)
requires that permitted CAFOs follow a nutrient management plan
(NMP) which determines where and how often they can apply. The
specifics of the NMP are determined at a state level and there is
significant heterogeneity in whether and how states regulate winter
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land application [33]. In Wisconsin, where this project is focused,
application of waste is restricted in the winter time. In February
and March, liquid waste may generally not be applied and solid
waste may not be applied to any field that contains snow or is
frozen § NR 243.14(6)(c). Outside of February and March, liquid
waste remains prohibited on frozen ground absent emergencies
(§ NR 243.14(7)(a)) and application of solid manure remains re-
stricted based on the amount of snow and slope of the field (§§ NR
243.14(6)(c) & 243.14(7)(c)).

Wisconsin law also provides for “emergency application” for
liquid manure in cases of “unusual weather conditions, equipment
failure or other unforeseen circumstances beyond the control of the
permittee” Such emergency land applications require prior verbal
approval from the Wisconsin Department of Natural Resources
(DNR), followed by a written description of the event to the depart-
ment within five days of its occurrence (§§ NR 243.14(7)(d)(1)(c)-(d)).

All instances of land application are also required to be reported
in detail. Facilities must file annual spreading reports, which include
dates of application, field information, and nutrient information.
Such reporting applies to “surface applications on frozen or snow-
covered ground,” which must also report “whether any applied
manure or process wastewater ran off the application site” (§ NR
243.19(3)(c)(5)).

While such self-reporting is required in principle, many have cri-
tiqued existing requirements as lacking teeth. One article described
EPA’s then-rules as “an exercise in unsupervised self-monitoring”
[29]. Verifying and ascertaining the extent of winter application —
throughout February and March specifically - is difficult. Nor is
it easy to understand the volume of approval for emergency ap-
plications. In response to a Freedom of Information Act request,
the Wisconsin DNR indicated that it was not possible to release a
complete list of authorized instances of land applications, as such
information was not available in any database format. In the few
disclosed instances of email authorizations, such land application
events were not included in annual spreading reports. Moreover,
while some reports include addenda that indicate winter land ap-
plication, insufficient detail is provided to determine the volume,
location, and dates of application. In short, very little is known
about compliance with, and emergency exemptions from, prohibi-
tions of winter land application.

As a result, local environmental interest groups and motivated
residents have taken the initiative to report suspected instances of
application by physical visits and documentation (see, e.g., [19]).
But the information asymmetry has made enforcement of the Clean
Water Act — and NMP permit terms specifically - difficult. CAFO
winter land application raises acute challenges for environmental
regulation, as we do not understand basic questions: how often
does winter land application occur? How many facilities engage in
such practices? How compliant are CAFO operators with state law
and guidelines?

1.2 Owur contribution

To help determine the extent of winter application, we build a real-
time detection system which pulls daily 3m/pixel satellite imagery
at known CAFO locations and detects land application using con-
volutional neural networks (CNNs). We analyze our approach on
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330 CAFOs across the state of Wisconsin, where land application in
violation of permit terms has long been suspected. We also use our
method to gain insights into how and when application occurs, as
well as variation between facilities. For instance, we nd facilities
which increase the number of winter application by over 150% in

Winter 2020 compared to 2018 and 2019. We also discover that

some facilities have some application on the ground nearly half
of the winter season, and that a signi cant number of application

events (20%), occur within one day of each other. Our model also

determines that a substantial number of application events occur
within a short time frame of one another.

In sum, our contributions are vefold. First, we introduce the
highly consequential environmental, policy, and agricultural setting

of CAFOs and land application. Second, we provide a new dataset

consisting of time series of satellite imagery at 330 veri ed CAFO
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(a) Location A, Before (b) Location A, After

locations across Wisconsin from 2018-2020 (n=57,697), with 1,813

instances of application identi ed across 96 of these facilities. Third,
we develop an automated system to download satellite imagery on
a daily or weekly basis and conduct inference on each image for
likelihood of land application. Fourth, we prototype a method to
convert image-by-image predictions into predictions of application
eventgwhich may span more than one image). Fifth, we conduct a
retrospective estimate of the prevalence of land application events
when presumptively prohibited (February - March 2022) and show
that the rate of land application remains alarmingly high during
these months.

Our land application detection system was used in partnership
with the Environmental Law and Policy Center (ELPC) at the end of

the 2021/22 winter Season to investigate several possible instances

of application. The partnership is set to continue throughout the
2022/23 winter season, when the system will be used to dispatch
volunteers on a weekly basis to identify possible land application.

1.3 Related Work

Our work relates to four bodies of research. First, the environmental
risks posed by CAFOs have given rise to recent work on automating
their detection and analysis. Computer vision technigues have been
used to classify CAFOs by type in North Carolin21], and to detect
poultry CAFOs nationwide 37, 43 51]. Approaches have also been
developed to detect when a given CAFO shed was bdi@i b2
and whether a facility has expanded over timé&d. This prior
work is an important starting point for using computer vision in
environmental sustainability. Prior work, however, has not utilized
near real-time satellite imagery to detect likely violations of permit
terms, as we do here.

Second, our work relates more broadly to the literature on satel-
lite detection for the environment. Examples include forest re de-
tection [63, mapping crop cyclesIq, and detecting droughtsg§.

In general, there is an increasing awareness as to how modern
computer vision techniques, and deep learning in particular, can
be applied to satellite imagery to tackle environmental and reg-
ulatory challenges 2. Our paper also bears some relationship
to previous work in anomaly detection in aerial imagery, such as
detecting failures in power plants§9 and building damage de-
tection [56. Indeed, it is straightforward to cast our problem in
terms of anomaly detection. Application events themselves may

(c) Location B, Before (d) Location B, After

Figure 2: Examples of land application in 3m/pixel resolution
satellite imagery. Images (b) and (d) show examples of appli-
cation (enclosed by green rectangles) that was not present in
images (a) and (c).

considered anomalies, as they appear suddenly from one image to
the next. But behavior at the facility level may also be anomalous.

For example, there may be a drastic increase in the number of appli-
cation events from one year to the next. See Section 5.2 for results
on this front.

Third, on the technical side, our work builds o the rapid evo-
lution of and progress in deep learning for computer vision. Both
objection detection and image classi cation have been increasingly
utilized with satellite and aerial imagery, see Cheng and Héh
and Dhingra and Kumaf12] for excellent surveys. Our method
is based o of the You-Only-Look-Once (YOLO) family of object
detection models [1, 47, 48].

Last, our introduction of this setting of high environmental con-
sequence contributes to the machine learning community. Many
scholars have critiqued existing machine learning work as being
too xated on a narrow set of technical benchmarks, without su -
cient engagement with real-world problem41, 31, 60. There is
growing recognition that while pursuing state-of-the-art on well-
de ned and rigorously curated benchmark tasks can create better
models, such progress does not necessarily translate to real world
impact [44. Part of the reason lies in the signi cant barriers to
collecting, ground truthing, and releasing meaningful real-world
machine learning problems2p, 53. We release this CAFO land
application dataset and all accompanying codéur contribution
here illustrates the possibility of substantial impact of machine
learning in environmental sustainability and governance and we

Lhttps://github.com/reglab/land-application-detection
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