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There is widespread recognition that the cost and
availability of labor form one of the leading challenges
for U.S. specialty crop growers (e.g., Calvin, Martin, and
Simnitt, 2022; IFPA, 2023; USDA-ERS, 2023; Martin,
2024). On average, labor expenses account for 12% of
total gross cash farm income across all U.S. farms
(USDA-ERS, 2023). While this average share has
changed very little over time, even as total costs have
increased, the labor landscape looks very different for
most specialty crops. From 2003 to 2020, nursery and
greenhouse industries spent the largest portion of their
total gross cash farm income on labor, averaging 34%
(Figure 1). The fruit and tree nut industries followed
closely behind at about 30% of gross income.
Differences among individual specialty crops are even
more notable. For example, labor expenses expressed
as a percentage of gross income are estimated to be as
high as 50% for almonds and 60% for table olives
(Niederholzer, Ott, and Jarvis-Shean, 2024; Cicek,
2011).

Mechanized solutions such as precision agriculture,
remote sensing, mechanical harvesters, and labor-aids
offer potential benefits as labor-saving technologies. Yet
the adoption of such technologies has been uneven,
over time and across commodities (Gallardo and Sauer,
2018). Rogers’ (1962) classical depiction of innovation
adoption includes five stages:

1. awareness of the need,

2. persuasion by using information to reduce

uncertainty,

3. decision to adopt (or reject) the innovation,

4. initial use of the innovation to test it, and

5. continued use of innovation.
In the end, Rogers concluded that just five factors drive
(or oppose) adoption:

1. relative advantage,

2. compatibility,

3. apparent simplicity,

4. trialability, and

5. observability.

This article examines why growers might adopt
mechanization through an investment, or relative
advantage, perspective.

Technology Availability

An obvious first step (not mentioned by Rogers) in
substituting mechanization for labor in specialty crops is
that the technologies must exist and be available for
commercialization. Concerns over labor availability and
affordability are not new, and neither are attempts to
develop mechanization. For example, the seed drill,
threshing machine, handheld seed tube, and cotton gin
predate the 1800s, and the first factory for internal
combustion tractors was established in 1902 (Figure 2).
Technology solutions designed for specialty crops did
not emerge as early, but several crops (typically serving
processed product markets) transitioned to mechanical
harvesting solutions. Harvesting for processing tomatoes
was largely mechanized by 1970 (Schmitz and Seckler,
1970) and mechanical harvesting for tart cherries was
pervasive by the early 1970s (Wright, Martinez, and
Thornsbury, 2006; Ricks, Hamm, and Chase-Lansdale,
1982). In the 1970s, mechanical harvesting also
emerged for processing olives, juice grapes, some wine
grapes, carrots, almonds, and pistachios (Hendrickson
and Oberholster, 2017; Sarig, 2012).

The specialty crop sector comprises hundreds of unique
crops and growing situations, with the emergence of new
or differentiated crops ongoing. While this creates
opportunities for market development and response to
consumers, it can create challenges for the
commercialization of innovative technologies.
Agricultural research and manufacturing interests are
more likely to focus on the needs of the almost 300,000
U.S. farms (80.6 million acres) growing corn for grain in
2022 than the needs of the less than 8,500 U.S. farms
(73,500 acres) growing strawberries or even the 27,500
farms (411,000 acres) growing apples. Technology
development for specialty crops must either target a
relatively small number of potential users or be
adaptable over differentiated use cases. As they mature,
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Figure 1. Total Gross Farm Income Spent on Labor in Various Farm
Specializations, 2000-2020
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additive manufacturing technologies could eventually
expand solutions for small-volume agricultural needs as
they have in manufacturing sectors of the economy (Lu
et al., 2024).

Even accounting for small volumes, the high value of
most specialty crops may provide opportunities for
investment in mechanization. In Florida alone, the
nursery and greenhouse industries generated $3.98
billion in total sales in 2022 with labor expenses totaling
34% of farm income (Khachatryan et al., 2023); fruit
industries generated $1.29 billion in revenue and
vegetable and melon industries added an additional
$1.31 billion in revenue in 2020 (FDACS, 2024).

Investment in Innovation

Understanding the potential benefits and need for
modern agricultural tools, the U.S. Department of
Agriculture (USDA) has invested in the development of
mechanized and automated solutions for specialty crop
industries. Astill, Perez, and Thornsbury (2020) identified
six programs across four USDA agencies that had made
investments totaling $287.7 million (nominal) in 213
projects with a focus on automation or mechanization for
specialty crops between 2008 and 2018. Each of these
programs was designed differently to achieve unique
objectives, with specialty crop automation or
mechanization projects as a subcomponent. While
substantial in value, these investments accounted for
only 3% or less of the total funds allocated by the
programs. An additional three programs in USDA Rural
Development (RD) were identified that funded $3.4
billion from 2010 to 2018 to support the digital
infrastructure needed for adoption of automation or

mechanization. More recent policies may impact
incentives for mechanization or technology development
including policies proposed to improve working
conditions, expand legal pathways for migrant workers,
and disaster relief programs (USDA-FSA, 2022). In
2024, the USDA announced a $2 billion investment to
help specialty crop growers overcome market barriers
and expand crop storage (USDA, 2024).

Industry associations are also investing in technological
solutions. For example, the California Strawberry
Commission funds an initiative to develop and test
mechanical harvesters, particularly in fields with varying
terrain and foliage density (Yeh et al., 2023). Their
investments in innovating robotic technologies and
automated harvesting systems demonstrate how pivotal
some believe these technologies will be in assuring the
strawberry sector’s long-term future.

More recently, there has been growing interest from
sectors that have not traditionally focused on agriculture.
Investment from both private equity and venture capital
firms has grown over time (Brady, 2023). Total
agricultural investments from venture capital markets did
decline in 2022 (largely driven by market shakeouts in
eGrocery and alternative protein spaces), but continued
to increase in ag biotech, bioenergy and biomaterials,
farm management software and internet of things (IoT),
and novel farming systems (AgFunder, 2023).
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Figure 2. How Technology Has Shaped Agriculture in the United States over the

Past 3 Centuries, 1701—2025.
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Challenges to Commercialization

Moving technologies from development to
commercialization has not been easy. It is useful to
consider innovation for specialty crops through the lens
of technology readiness levels (TRLs), a standardized
metric used to assess the maturity level of a particular
technology as it moves through development to
widespread use (Mankins, 1995; Tomaschek et al.,
2016). TRL stages 1-4 correspond to the precompetitive
space, where research primarily focuses on basic or
foundational science and is often exploratory and driven
by a big-picture, long-term need. In TRL stages 5-8, the
focus is advancing revolutionary technologies that need
further refinement before commercialization; for
instance, adjustments to specific end-uses. In the final
stages (TRL 8-9), technologies that have been created
and fine-tuned undergo a process of technology transfer
and deployment.

The innovation “valley of death” occurs when a
technology has reached proof of concept (meaning it
works in a controlled setting) but still requires significant
development to operate in real life (Gbadegesijn et al.,
2022). Typically, this demise happens when an
innovation fails to progress from TRL 4 to TRL 7.
Although the field of agricultural technology continues to
expand (Mickolio, 2024), many applications are lingering
in the valley of death. Challenges such as data
standardization, interoperability, and rural broadband
connectivity are often significant barriers to mass
adoption.

Heterogeneity, not just between different specialty crops
and growing systems but within the individual crops and
plants themselves (e.g., apples are not located in exactly
the same places on every tree), creates significant
challenges to operable solutions, particularly for fresh
produce. These logistical challenges can slow the rate of
technological development. For example, despite high
labor costs and multiple technologies in various stages
of development, strawberry harvesting is still mostly
performed by hand (Yeh et al., 2023). Strawberries are
delicate and highly perishable, so harvesting tools
developed for processed products cannot be readily
adapted without causing significant damage. During
harvest, fruit clustering is a significant challenge for
mechanical strawberry harvesters, and solutions to
separate clusters of ripe and unripe berries in a
consistent fashion have not been perfected (Zhou et al.,
2022). Bruised fruit is also more susceptible to pests and
pathogens, creating additional quality problems in the
supply chain (Hussein, Fawole, and Opara, 2020). Crops
that require multiple harvests, either within or across
seasons, face additional challenges from damage to the
plant (or tree) itself (Charlton et al., 2019). Unique needs
among the myriad commodities, markets, and supply
chains comprising specialty crops make common
solutions challenging.

Relative Advantage: Tipping Point
Mechanization in agriculture represents a critical tipping
point where the balance between labor-intensive
practices and automated solutions shifts decisively
toward (or away from) technology. Just because
technology exists does not mean an individual firm will
be incentivized to adopt it. There is increasing economic
pressure to find solutions, as farm labor is likely to
continue to become less available and more expensive
in the future (USDA-ERS, 2023).

According to a survey by the California Farm Bureau,
over 40% of farmers have faced challenges in securing
sufficient labor for their main crops in recent years
(Daniels, 2019). Factors identified as exacerbating
shortages include stricter immigration policies and an
aging immigrant farmworker population. In New Jersey’s
nursery crop operations, Gohil, Waller, and Cabrera
(2022) found that despite challenges in mechanizing
tasks like pruning due to the diversity in plant sizes and
shapes, there was growing recognition of the need for
greater mechanization to enhance operational efficiency.

Still, individual adoption of new technologies and
diffusion of those technologies across communities is
complicated, and the pace of change is intense,
requiring integration of assets from disparate sources for
the successful delivery of solutions. Low margins and
agronomic challenges can shift interest and attention
toward the short- and medium-term survival of the farm
operation, decreasing the operator’s ability and interest
to invest in new technologies.

Affordability and scalability of technologies are prime
examples of relative advantages, as conceptualized by
Rogers (1962), that drive on-farm adoption. Existing
mechanized harvesting solutions (e.g., robotic picking
and vision systems) are expensive and vary widely in
cost. Large-scale operations often find mechanization to
be more feasible, as fixed costs can be spread over a
larger production volume. For citrus harvesting, the cost
of such technology starts at $80,000 for robotic materials
and several hundred thousand dollars for a vision
system, not counting maintenance expenses (Yeh et al.,
2023). Adjusting the technology to specific crops and
situations can be challenging; any damage to vulnerable
plants and fruit will add to costs (Moran, 2016).

What Economists Can Offer

While labor costs and availability heavily influence the
decision to mechanize, comparing manual labor costs
and the capital investment required for mechanized
equipment is only a first, and insufficient, step in the
decision process. The partial budgeting approach often
applied to measure the feasibility of a new technology
does not provide relevant information in and of itself.
Data limitations typically constrain this type of analysis to
an aggregated level or a representative farm. Thus, by
definition, the results will not reflect the situation for
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individual decision making. At a minimum, scenario
analysis projections could account for a range of
potential adopters across farm size and type. Unlike
technologies with widespread markets (e.g., iPhones),
the cost of technologies with a limited market is not likely
to decrease over time. A realistic assessment of market
size for a new technology that includes purchase and
maintenance costs can provide insights into the
likelihood of the technology’s eventual
commercialization. Risk analysis for individual firms is
critical.

Often, technology adoption is not just a trade-off
between the initial investment and annual operating
costs. Instead, it also involves significant system
redesign, including how labor is integrated into the
resulting new system. For example, in a 2015 survey of
apple operations in Washington, Gallardo and Brady
(2015) found that only 11% of apple operations were
using platforms, even though that relatively low-tech
labor aid had been available on the market since the
1990s. The primary reason cited for nonadoption was
the technology’s incompatibility with the existing orchard
design. Adoption continued to lag even as producers
transitioned to high-density trellis planting which would
physically accommodate platforms. While platforms
reduce the number of workers needed, workers are
constrained to pick apples at roughly the same pace
(i.e., accommodating the speed of the slowest picker).

Additional difficulties arise for perennial crops. Wright et
al. (2006) demonstrated that the ability to adopt new
mechanical harvesting technologies for tart cherries was
not only dependent on the relationship between
improved yields and the investment in new technology.
Adoption was also critically dependent on the time that
the grower needed to recuperate sunk cost investments
in required redesign of the orchard. These transition
periods and lags were critical factors increasing the
reluctance to adopt new systems.

Every farm and location site are unique, and not every
technological solution is a fit. For example, slow-moving
conveyor belts have been used in Oxnard, California, as
a labor aid to assist pickers in the strawberry industry.
However, conveyor belts are far less useful in the hillier
terrain and smaller fields found in the Salinas-
Watsonville area of California (Calvin, Martin, and
Simnitt, 2022).

Progress from development to deployment to
widespread use of some new technologies emerging in
agriculture continues to face obstacles. There are no
quick fixes when building new attitudes, skills, and
systems. A seminal article by Holt (1989) highlighted the
importance of going beyond explaining new research
findings and touting new technology to actively engage
with people within the context of their production and
marketing systems. Economists can help by including

information on strategic investments based on potential
for adoption, payoffs, or future supply shortages.

Conclusions

Labor shortages have compelled U.S. specialty crop
growers to explore mechanization as a potential path to
lower costs. On-farm labor-saving technologies are
rapidly evolving, with innovations such as precision
farming, autonomous tractors, and robotic harvest aids
that can create a foundational platform and raise the
probability of finding application solutions. Opportunities
to integrate artificial intelligence and machine learning in
agricultural production and marketing tools promise to
further revolutionize farming practices.

Ultimately, transitions will be driven by individual
decisions to adopt new technologies. Each operation
must evaluate productivity and profitability while fitting
the new technology within the context of its production
system, overall financial situation, risk profile, and global
supply chains. A simple evaluation of relative advantage
based on partial, or enterprise, budgets will not serve as
a good indicator of adoption feasibility. As technologies
continue to advance and regulatory landscapes evolve,
the future of agriculture hinges on fostering innovation
that not only enhances but also fits into farmers’ daily
lives.

By recognizing system-wide implications and asking the
hard questions, economists can help stakeholders
navigate the hurdles of technological adoption more
strategically. Farms must survive within the context of
their supply chains and the competition of the global
marketplace. Ultimately, relative advantage as measured
by partial budgeting does not address firm (or industry)
competitiveness. A firm can decrease total costs and still
not be competitive. As industry continues to witness
rapid advancements in agricultural technologies,
understanding these dynamics will be crucial in shaping
the future of the global food system.
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