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The specialty crop sector—which includes fruits,
vegetables, tree nuts, horticulture, and nursery crops—
plays a significant role in the agricultural economy.
According to the 2022 Census of Agriculture, specialty
crop operations represent roughly 10% of all farms in the
United States and generate over $84 billion in annual
cash receipts (USDA-ERS, 2024). Despite comprising a
smaller share of total farm operations compared to
commodity crops, specialty crops contribute substantially
to our food systems, nutritional diversity, and rural
economies.

Specialty crop growers often operate on a smaller scale,
are more geographically dispersed, and tend to depend
heavily on ecosystem services—such as pollination, soil
health, and water quality—to maintain crop productivity
and quality. These characteristics present both unique
sustainability challenges and opportunities. As the
industry looks toward long-term resilience, it is
increasingly important to evaluate sustainability
strategies in the context of crop-specific profiles, regional
variability, and individual farm conditions. Achieving both
environmental and economic sustainability in this sector
requires integrated systems that support ecological
health while preserving farm profitability (USDA-NIFA,
2024).

This themed issue of Choices brings together a
collection of articles that explore sustainability in
specialty crop production across the United States and
Canada. The contributions highlight a wide array of
specialty crops, including pulses (e.g., peas and faba
beans); pollinator-dependent fruits, tree nuts, and
vegetables (e.g., almonds, apples, berries, and melons);
root crops (e.g., sweetpotatoes); and ornamental
horticulture (e.g., floriculture and Christmas trees) and
discuss their roles in enhancing sustainability outcomes.

The opening article by Park et al. examines how
specialty crops contribute to ecosystem services and
economic outcomes. Their work presents a broad view
of agricultural land use and illustrates regional
differences in specialty crop production. Importantly,
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e A Rainbow on the Farm: Specialty Crops
for a Healthier Agroecosystem
Yunsun Park, Seong D. Yun, Kuan-Ming
Huang, and Brandy E. Phipps

e Patterns of Sustainability Practices in
North Carolina’s Ornamental Horticulture
Industry
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e Buzzing Toward Sustainability: Protecting
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Liu

they analyze the relationship between crop diversity and
environmental indicators such as water quality and bird
diversity. Although specialty crops occupy a smaller
proportion of U.S. farmland, their strategic integration,
especially in monoculture-dominated regions, may help
mitigate environmental stressors and enhance
biodiversity.

Two articles spotlight high-value segments within the
specialty crop sector: ornamental horticulture and
pollinator-dependent crops. In their analysis of North
Carolina’s ornamental horticulture industry, Berenson et
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al. surveyed growers producing nursery plants,
floriculture, Christmas trees, and related crops to assess
adoption of four key sustainability practices: integrated
pest management, the use of sustainable water sources,
native plant sales, and plant diversity. Their findings
reveal patterns of practice adoption and demonstrate
that sustainability in ornamental horticulture is context-
specific, with no singular strategy suited to all
operations.

Yeh, Brown, and Goodrich shift the focus to pollinator-
dependent crops, which represent a substantial portion
of the specialty crop economy. Approximately $13 billion
in U.S. specialty crop production depends, to varying
degrees, on paid pollination services. The authors
review recent policy measures aimed at strengthening
support for beekeepers and sustaining viable habitats for
both managed and wild pollinators. Their analysis
underscores the delicate interdependence between crop
production and pollination services, especially in light of
pollinator health declines in recent years.

The final two articles delve into more targeted aspects of
specialty crop sustainability. Beround et al. explore soil
liming practices in Canadian pulse crop production. Sail
liming involves the application of organic matter rich in
basic cations to balance pH levels and improve soil
fertility. While yield impacts are often the primary focus

in soil liming studies, this article broadens the lens to
include the effects of liming on crop rotation and long-
term economic outcomes. Without soil liming, natural soll
acidification can displace pH-sensitive crops like pulses,
prompting farmers to shift toward acid-tolerant cereals, a
change that may have important implications for
economic resilience and crop diversity.

Huang, Maples, and Liu offer a detailed case study of
sweetpotato production in the United States, based on
interviews and conversations with farm managers and
producers. Their work highlights the crop’s complex
supply chain, market dynamics, and sustainability
challenges, such as planting stock sourcing, disease
control, and post-harvest handling. Through these
insights, the article reveals challenges and opportunities
related to sustainable production practices for
sweetpotatoes.

Collectively, this theme issue sheds light on the diverse
sustainability practices currently in use across the
specialty crop sector, while emphasizing the deep
connections between these crops and key ecosystem
services. By showcasing real-world practices and
evidence-based insights, these articles aim to advance
understanding of specialty crop sustainability and
facilitate broader dialogue within agricultural and policy
communities.
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Agriculture in the United States remains highly
concentrated in a few dominant crops—mainly corn and
soybeans, which together account for 52.7% of total
agricultural land in 2023, based on the USDA’s Cropland
Data Layer (CDL) dataset. This high level of
monocultural pressure raises environmental concerns
such as biodiversity loss, soil and water degradation,
and greenhouse gas emissions (Power, 2010; FAO,
2021). Although it is difficult to isolate the specific
contribution of monoculture to these environmental
outcomes, numerous studies have highlighted the
broader environmental footprint of modern agriculture.
For example, Poore and Nemecek (2018) report that
today’s food system accounts for approximately 26% of
anthropogenic greenhouse gas emissions and that
agriculture is responsible for 78% of global ocean and
freshwater eutrophication. In addition, according to the
FAO (2011), agriculture accounts for 70% of global
water withdrawals (49% in North America).

While there are several agricultural and conservation
practices that can help mitigate these concerns, our
focus is on one particular approach: introducing and
promoting specialty crops to enhance crop diversity and
provide both agroecosystem and economic benefits.

Specialty Crops: Their Role, Patterns, and
Potential Benefits and Risks

What exactly are specialty crops? According to the
Specialty Crop Competitiveness Act, amended to the
Farm Bill, specialty crops include fruits and vegetables,
tree nuts, dried fruits, horticulture, and nursery crops
(USDA-AMS, 2025). Figure 1, based on the 2023 CDL
data, indicates that the top five specialty crops, based on
acreage, are almonds (12.0% of total specialty crop
area), dry beans (7.8%), sod/grass seed (7.6%), peas
(7.0%), and grapes (6.9%). Together, these crops
account for 41.3% of the total specialty crop area.
Overall, specialty crops make up about 4.5% of the total
agricultural area in the United States, yet they generated
$84 billion in cash receipts in 2022, accounting for about

15% of total agricultural cash receipts (USDA-ERS,
2024).

There are, however, significant spatial differences in
specialty crop cultivation. Figure 2 illustrates county-level
data on the ratio of specialty crops to total farmland area
and the average number of specialty crops grown from
2008 to 2023. Darker colors represent a higher
percentage of specialty crops relative to the total
farmland area (green) and a greater number of specialty
crops harvested in the region (blue). Figure 2a shows
that California, Oregon, Washington, and Florida have
higher proportions of specialty crop area, whereas the
Corn Belt region has a much lower specialty crop ratio.
Similarly, Figure 2b indicates that West Coast states;
Florida, northeastern coastal states such as Delaware,
Connecticut, and New Jersey; and areas around Lake
Michigan tend to have a greater diversity of specialty
crops than other regions.

Climatic suitability, agricultural practices, market
proximity, and historical land use all contribute to
shaping these regional differences. For instance,
California’s climate is suitable for high-value specialty
crops—such as almonds, pistachios, and walnuts
(FarmTogether, 2025)—while the Corn Belt region
prioritizes commodity crops due to scale and established
processing networks (Karakoc et al., 2022). While
specialty crops show significant regional differences,
cultivating certain specialty crops can enhance soil
health, increase biodiversity, reduce chemical inputs,
and increase carbon sequestration. However, how
effective and beneficial they are depends heavily on
farming and production practices (Kim, 2016; Balis et al.,
2024). For example, although almond production
requires significant water use, efficient utilization of by-
products can significantly reduce its overall carbon
footprint (Kendall et al., 2015).

Adding specialty crops to enhance crop diversity is often
promoted for environmental benefits, but impacts vary.
In regions where a single high-value crop dominates, it
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Figure 1. Composition of US Agricultural Land: Major Crops and Specialty Crop Breakdown, 2023
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may pose unintended risks. In contrast, when used to
diversify cropping systems, especially in areas heavily
focused on commodity crops, specialty crops can
support agroecosystem health and resilience. While
specialty crops can contribute to agroecosystem
resilience, they also present some potential risks. The
expansion of specialty crop cultivation offers several
advantages, including enhanced crop diversity and
increased landscape resilience, along with improved
agroecosystem services. However, challenges such as
high water requirements for certain crops, like avocados,
and the risk of monoculture due to the dominance of a

single high-value crop must be addressed. Opportunities
exist in the growing consumer demand for organic and
locally sourced food, increased research and
development funding for sustainable agriculture, and
stronger policy support for crop diversification. Despite
these benefits, the sector remains vulnerable to extreme
weather events and faces the threat of farmland loss due
to urbanization and competing land uses. These
strengths, weaknesses, opportunities, and threats
(SWOT) associated with specialty crops, particularly in
relation to agroecosystem and economic outcomes, are
summarized in Table 1.

a) Specialty Crop Area Ratio (%)
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Figure 2. Spatial Distribution of Specialty Crop Production in the United States
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Table 1. SWOT of Specialty Crop with Agroecosystem and Economic Outcomes

Improved agroecosystem services

Strengths Weaknesses
Enhanced crop diversification and landscape High water requirements for some specialty crops
resilience (e.g., avocado)

Monoculture risk with the dominance of a single high-
value specialty crop

Opportunities

Threats

Growing demand for organic and local food
Increased R&D funding for sustainable agriculture
(e.g., USDA, 2024)

Stronger policy support for crop diversification

Vulnerable to extreme weather events
Farmland loss due to urbanization and alternative
land uses

Notes: Source: Balis et al. (2024), Kim (2016), USDA (2024).

Beyond Monoculture: How Crop Diversity
Enhances Ecosystem Services

Different types of specialty crops are grown across
various regions, influencing overall crop diversity. The
next section will explore how crop diversity is defined
and measured.

Crop Diversity: Definition & Measurement

Crop diversification simply refers to growing more than
one type of crop in a given area. However, crop diversity
can encompass different aspects. It may involve growing
different crop species (species diversity), cultivating
multiple varieties within the same species (varietal
diversity), or maintaining a broad genetic pool within and
across crop species (genetic diversity) (Aguilar et al.,
2015). The term can also refer to various plants within
an agricultural field (field diversity), including crops and
noncrops. On a broader scale, it may extend to different
types of land use across a landscape or region, such as

forests, agricultural fields, and wetlands (land-use
diversity). In this article, we focus on land-use diversity
as a proxy for crop diversity because different land uses
contribute uniquely to agroecosystem services, making
this metric especially relevant (Le Provost et al., 2020).

So, how do we measure crop diversity? Is it as simple as
counting the number of crops in a given area? This is not
wrong, but it is only partially correct. Merely counting the
number of crops is known as richness in ecology.
Richness is an important measure of crop diversity, but it
does not provide a complete picture, as it does not
account for the distribution of each crop within an area.
To fully capture the ecological and agricultural benefits
of crop diversity, in addition to richness, evenness must
also be considered. Evenness refers to how uniformly
crops are distributed across the land. For example,
consider two regions: Region A, where 90% of the land
is planted with strawberries and only 10% with tomatoes,
and Region B, where strawberries and tomatoes each

(1) HHIy = ¥)_, p}, IHHI;, = 1/HHI,
(2) SW;e = =%, p; In(p))
p; = (;—’_’, a;;: jth crop area in i, A;: total area of i

S: Strawberry, T: Tomato, V: Avocado

0.1log(0.1)) = 0.33

Box 1. Crop Diversity Index

S T S S
9/10 1/10 1/2 1/3
Region A Region B Region C
Number of crops =2 Number of crops = 2 Number of crops = 3
— 2 2 =
|1H2|;| 17((0.9)% + (0.1)%) IHHI = 1/(2(0.5)2) = 2.00 IHHI = 1/(3(0.3)2) = 4.50
SW = —(0.910g(0.9) + SW = —2(0.5)10g(0.5)=0.69  SW = —3(1/3)log(1/3)=1.10
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Figure 3. Crop Diversity and Specialty Crop Distribution Patterns
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cover 50% of the area (Box 1). While both regions have
the same number of crops (2), Region B exhibits greater
crop diversity due to its more balanced distribution
(greater evenness). To quantify crop diversity while
accounting for both richness and evenness, Box 1
illustrates two commonly used diversity indices: the
Shannon-Wiener Index (SW) and the Inverse Herfindahl-
Hirschman Index (IHHI). Several diversity indices are
commonly used in agricultural and environmental

studies. Among them, the Shannon-Wiener Index is
widely adopted across disciplines due to its sensitivity to
both richness and evenness. The IHHI, originally
developed to measure market concentration, is often
favored in applied economics for its simplicity and its
emphasis on dominant crop types. Higher values
indicate greater crop diversity in a given area in both
cases.
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Table 2. Descriptive Statistics

Variables Unit Mean gt‘:l Min. Max. N

Year Year 2016 4.61 2008 2023 49,735

Crop diversity index

IHHI Index 3.00 1.38 1.00 11.74 49,735

SW Index 1.29 0.45 0.00 2.8 49,735

Agratio Ratio 0.23 0.25 0.00 0.92 49,735

Spratio Ratio 0.05 0.13 0.00 1.00 49,693

Water quality

Secchi disk depth Meter 1.72 1.82 0 19.5 18,957

NOs Mg/l NO3 5.55 6.65 0.14 32.6 17,986

Fecal coliform Cfu/100ml 313.79 357.25 4.89 2,084 8,497

Bird diversity (SW) Index 3.36 0.83 0.00 4.86 47,740

Habitat quality Ratio 0.08 0.09 0.00 0.88 49,704

Farm income Million $ 11,898 11,650 67 321,708 9,054
Notes: In the Crop Diversity Index section, IHHI and SW refer to the Inverse Herfindahl-Hirschman Index and the Shannon-Wiener
Index, respectively. Agratio and Spratio represent the ratio of agricultural land to total land area and the share of specialty crops
within total agricultural land (at the county level), respectively. Bird diversity index is also calculated based on the Shannon-Wiener
Index. Habitat quality is an index generated by the INVEST model, ranging from 0 to 1. Farm income refers to county-level farm
income per operation.

Crop Diversity and Agroecosystem Services

Crop diversity offers numerous benefits—such as
increased bird diversity, improved biological control,
enhanced soil structure, and higher agricultural
productivity—while also helping to alleviate the
pressures of monoculture (Mader et al., 2002; Di Falco
and Chavas, 2006; Davis et al., 2012; Kennedy et al.,
2013; Strobl, 2022). Government policies and programs
also play a crucial role in supporting efforts to promote
crop diversification. For example, the Environmental
Quality Incentive Program (EQIP) and the Conservation
Reserve Program (CRP) offer incentives for growing
cover crops, rotating crops, and strip cropping, examples
of crop diversity. Similarly, the Intergovernmental Panel
on Climate Change highlights the benefits of crop-
diverse farming practices in reducing greenhouse gases
and improving environmental outcomes (Nabuurs et al.,
2022). In the next section, we present and visualize our
empirical results on the actual impact of crop diversity on
agroecosystems.

The Role of Specialty Crops in Enhancing

Agricultural Diversity

We employ the CDL dataset from 2008 to 2023 to
investigate the role of specialty crops in enhancing crop
diversity. Specialty crops can enhance overall crop
diversity, but there are significant regional differences. In
some regions, such as California, nearly 40% of the
agricultural land is used to grow specialty crops, with an
average of 20 different specialty crops grown at the
county level among 62 possible types in our dataset.
However, in Corn Belt states like lowa, the specialty crop
ratio is only 0.04%, and the average number of specialty
crops is only 2. Figures 3a, representing San Joaquin
County in California, and 3b, representing Calhoun
County in lowa, illustrate the difference between the two

representative regions’ crop diversity index and the
contribution of specialty crops. The dashed lines in the
graph indicate the crop diversity index (IHHI) when we
aggregate all the specialty crops into one category
(Specialty Aggregated CDI). In contrast, black lines
indicate all crops separated crop diversity index (Full
CDI). As we can observe from San Joaquin County in
California (Figure 3a), there is a big gap between the
Specialty Aggregated CDI and Full CDI, indicating
specialty crops are highly diverse in this area. On the
other hand, in Calhoun County in lowa (Figure 3b), the
Full CDI and Specialty Aggregated CDI are almost
identical, without a significant gap between the two
trends. Treating specialty crops as a single category
does not significantly change the Full CDI in this region,
suggesting Calhoun County in lowa is extremely low in
crop diversity.

Figure 3c shows that the average number of specialty
crop varieties tends to increase as the specialty crop
area ratio (relative to total farmland) increases across
the entire United States. Specifically, the median number
of specialty crop types increases gradually from four
when the specialty crop area ratio is below 20% to 18
when the ratio is between 60% and 80%. However, after
reaching the peak, the average number of specialty crop
varieties declines to nine when specialty crops cover
more than 80% of the agricultural area. This suggests
that as the proportion of specialty crop areas increases,
monoculture of specialty crops becomes more prevalent.

Meanwhile, in Figure 3d, the y-axis represents the
difference between the fully separated CDI and the CDI
where all specialty crops are treated as a single crop.
This highlights the overall contribution of specialty crops
to the crop diversity index (CDI), which appears minimal
under the current state of US agriculture, as indicated by
the median values being close to zero in the boxplot.
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Figure 4. Relationship Between Crop Diversity and Environmental and Economic Outcomes
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Source: Cropland Data Layers (CDL) from the USDA, Water Quality Portal (WQP), eBird, INVEST, and USDA NASS Quick

Stats.

Only a few outliers show a notable impact on crop
diversity. However, a similar pattern to Figure 3c can be
observed; the outliers’ contribution to crop diversity
increases as the specialty crop ratio rises, peaking at the
60%—80% specialty crop area level before declining in
the final interval (80%—100%).

These regional contrasts and the variations across
specialty crop area ratios suggest that the impact of
specialty crops on crop diversity is highly context
dependent. These findings highlight the need for region-
specific approaches when assessing the role of specialty
crops in agricultural sustainability and resilience. On the
other hand, these results also indicate that the current
agricultural structure of the United States is largely
dominated by large-scale monoculture. Currently,
specialty crops are not significantly increasing crop
diversity in most regions. However, if future agricultural
policies encourage more diverse farming practices and
reduce dependence on monoculture, specialty crops

could be strategically utilized to enhance regional crop
diversity.

Empirical Analysis of Crop Diversity and

Agroecosystem Services

We investigated the empirical effect of crop diversity on
agroecosystem services. The USDA Cropland Data
Layer (CDL) is used to construct a crop diversity index.
We incorporate water quality parameters—Secchi disk
depth, nitrogen (NO3), and fecal coliform—obtained from
the Water Quality Portal via the dataRetrieval R-
package. We also incorporate bird diversity data from
eBird, habitat quality metrics from InNVEST, and farm
income data from the USDA-NASS Quick Stats. More
detailed and in-depth discussions about crop diversity’s
effect on water quality can be found in Park et al. (2023).

Before examining the relationship between crop diversity
and agroecosystem or economic outcomes, we present
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descriptive statistics for the main variables. Table 2
summarizes key indicators, including crop diversity
indices, agricultural land ratios, specialty crop land
ratios, water quality, bird diversity, habitat quality, and
farm income.

Figure 4 illustrates the relationship between crop
diversity, agroecosystem services, and economic
outcomes, grouped by four different ranges of
agricultural land ratio relative to total land area. The x-
axis in these graphs represents the crop diversity index
(IHHI, the higher, the greater crop diversity), while the y-
axis shows each environmental or economic outcome
measure. For example, in Figure 4a, crop diversity does
not positively affect water quality (as measured by
Secchi disk depth: the higher, the better water quality)
when the agricultural land ratio is small (under 25%).
However, as farmland area increases, the effect of crop
diversity on water quality becomes positive. A similar
pattern appears with NO3 and fecal coliform; however,
since lower values of these parameters (NO3 and fecal
coliform) indicate better water quality, the apparent
beneficial effect of diversity is reversed in the graphs.
These findings suggest that increasing crop diversity
may not significantly affect water quality in areas where
agriculture occupies a small proportion of the land, since
the negative impacts of agriculture are already relatively
small in these areas. In contrast, when agriculture
occupies a more significant portion of the land,
diversification can help mitigate environmental impacts.
As seen in Figures 4d and 4e, both bird diversity and
habitat quality (where higher values indicate greater bird
diversity and better habitat quality) generally exhibit
similar trends. However, the patterns are not identical,
with habitat quality (Figure 4e) showing distinct and
consistent decline at lower agricultural land ratios,
whereas bird diversity (Figure 4d) displays more
variation across agricultural land ratios. Furthermore,
Figure 4f shows that crop diversity can positively affect
farm income in areas where agriculture dominates (over
75%). It may be because greater diversity helps
distribute environmental and extreme weather event
risks, makes it possible to cultivate high-value crops, and
stabilizes income overall.

Our findings confirm that overall crop diversity positively
affects both environmental and economic outcomes in
regions with a large proportion of agriculture (Figure 4).
In particular, in areas where the agricultural land ratio is
75% or more, higher crop diversity improves water
quality, increases habitat and biodiversity, and stabilizes
or boosts farm income. In areas where agricultural land
use is minimal (25% or less), however, the effect of crop
diversification remains less pronounced.

While Figure 4 primarily captures the broader
relationship between overall landscape-level crop
diversity and agroecosystem outcomes, it also indirectly
highlights the potential role of specialty crops in future
diversification efforts. As specialty crops account for a
small share of total agricultural land (Figure 1), their
immediate impact may appear limited. However, in
regions where monoculture dominates, introducing
specialty crops could be a key strategy for enhancing
landscape diversity and mitigating environmental
pressures. The heterogeneity patterns observed in
Figure 4 thus offer useful guidance for identifying where
specialty crop promotion may be most impactful,
particularly in counties with high agricultural intensity and
low existing diversity.

Concluding Remarks

In this article, we discussed and visualized the potential
contribution and effects of specialty crops on crop
diversity and the positive benefits of crop diversity on
various agroecosystem services. We further highlight the
importance of constructing a diversified and sustainable
agricultural ecosystem.

Our findings suggest that crop diversity may have a
greater impact in areas with a stronger agricultural
presence than in regions with less agricultural land,
indicating a need for region-specific policies and support.
Moreover, we found that diversification can benefit not
only the environment in terms of water quality, bird
diversity, and habitat quality but also farm incomes in
regions with a high proportion of agricultural land. This
result could provide a partial answer to agricultural
producers hesitating to adopt new specialty crops or
expand the existing ones due to possible economic loss.

While this article provides a macro-level overview of the
contribution of specialty crop diversity, more detailed
region- and crop-specific analyses that consider factors
such as weather, socioeconomic conditions, and
regional differences are needed. Future research could,
for example, incorporate advanced econometric models
to identify which specialty crops and production practices
contribute most to farmers’ incomes and agroecosystem
services. These research efforts will support
policymakers and producers in making well-informed
decisions.
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“The garden suggests there might be a place where we
can meet nature halfway,” says the environmental
journalist Michael Pollan (1991, p. 62), and a wide swath
of Americans would agree. Gardening remains a popular
hobby in the United States, with eight in ten households
participating. In 2023 alone, Americans spent nearly $76
billion on gardening activities, averaging $671 per
household (Whitinger, 2024).

Gardening activities fall under the industry umbrella of
ornamental horticulture, which consists of bedding
plants, cultivated greens, cut flowers, foliage plants,
potted flowering plants, and propagative materials. In
2018, the ornamental horticulture industry contributed
almost $350 billion to the US economy (Hall et al.,
2020). As this substantial sector continues to grow, there
is increasing interest in aligning its operations with
sustainable practices to address evolving consumer
values and environmental concerns (Behe et al., 2013).

Potential consumers of cut flowers and other
ornamentals are signaling purchasing preferences and
increased willingness to pay for sustainability attributes,
including local sourcing, plastic packaging reduction or
replacement, energy efficiency, and water conservation
(Behe et al., 2018; Etheredge, Delprince, and Waliczek,
2023). Environmentally conscious consumers are
showing greater interest in native plant purchases, one
emerging new category within the green industry (Rihn
et al., 2023).

It is important to define horticulturally what sustainability
means for shaping policies and practices that balance
economic viability with environmental responsibility.
Sustainability definitions are typically broad, which
reflects the range of practices and strategies that could
be considered under the umbrella of sustainability. The
US Department of Agriculture’s sustainability definition
describes “plant production systems that enhance
environmental quality, use resources efficiently, and
integrate natural biological cycles and controls” (7 US
Code § 3103 [19]). Based on the USDA'’s definition,

several horticultural practices meet the regulatory criteria
and have historical data available on industry
participation: IPM, water conservation, native plant
sales, plant diversity, and sustainability certification.

Sustainable Practices in Ornamental
Horticulture

The national ornamental horticulture industry has
undergone notable shifts over the past decade,
particularly in how sustainability practices are
implemented across businesses. Data from prior
national industry surveys from 2009-2019 reveal that at
least one key sustainability practice—IPM—appears to
be shifting in composition (Rihn et al., 2022). IPM
strategies such as hand-weeding, use of pest-resistant
varieties, and pest record-keeping decreased in more
recent survey years, but certain IPM practices increased,
including use of sanitizing water foot baths, greenhouse
ventilation, and beneficial insects (Rihn et al., 2022).
This demonstrates that plant growers who are managing
pest pressures in line with an IPM plan may be changing
individual practices to meet their pest suppression goals.

Sustainable water management is critical to the long-
term viability of horticultural systems, particularly as
climate change accelerates water scarcity or
overabundance (Ferreira et al., 2024). Water-saving
messages can positively influence plant purchases,
especially in drought-prone areas, highlighting the
importance of including water conservation information
at garden centers and nurseries to better connect with
environmentally conscious shoppers (Knuth et al., 2020).

In cultivated landscapes such as gardens, native plants
are shown to better support pollinators compared to their
nonnative counterparts and provide ecosystem services
such as biodiversity support and air quality improvement
(Tartaglia and Aronson, 2024). Native plant sales are not
just a novelty. In a survey of 14 nurseries in the mid-
Atlantic region, around one-quarter of the 6,885 taxa
sold by these nurseries were native plants. Native plant
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Table 1. Descriptive Statistics for Sustainability Variables from North Carolina Ornamental Horticulture
Survey Respondents
Variable Description N Mean Min 25th Median 75th Max
IPM count Number of IPM practices 179 8.66 1 5 8 12 20
Sustainable Percentage of water derived 170 11.35 0 0 0 0 100
water sources from sustainable sources
Native plants Percentage of plants grown that 175 39.18 0 1 20 95 100
are native
Plant diversity Number of plant types grown 179 3.80 1 1 3 6 15

availability was closely tied to consumer demand, as
nurseries indicated they were more likely to stock
natives if customers requested them (Coombs, Gilchrist,
and Watson, 2020). Knowing where to buy native plants
can also boost consumer purchases and spending
(Torres et al., 2024). Based on the 2014 and 2019
national ornamental horticulture industry survey results,
horticultural businesses that sell native plants
participated in more IPM strategies, sold a more diverse
array of plants, and used more sales avenues than
businesses with a greater focus on non-native plants
(Rihn et al., 2022). Increasing plant diversity in
agricultural systems can offer benefits—such as
enhanced yields, improved pollination services, greater
weed and pest suppression—and potentially reduce
reliance on inputs like fertilizers and pesticides (Isbell et
al., 2017).

One signal of sustainable practices—certifications—
provides a clear indicator to consumers as they make
purchasing decisions, and the certifications can also
convey trade advantages. Merritt et al. (2012) surveyed
Florida greenhouses participating in the US-Canada
certification program, which reduces inspection costs for
businesses that meet the program standards. Surveyed
growers indicated a high satisfaction rate with the
economic benefits of this particular program. Despite the
potential benefits, certification rates are low among US
growers. Another study found that growers had little
interest in pursuing certifications and even viewed
sustainability certifications as financially risky: The cost
of certification would not be offset by increased
profitability, especially without clear market demand for
certified products (Hall et al., 2010).

North Carolina Ornamental Horticulture: A Case
Study in Sustainability

We examined these sustainability trends in North
Carolina, where the ornamental horticulture industry
generates around $216 million in annual sales of
bedding plants, cultivated greens, cut flowers, foliage
plants, potted flowering plants, and propagative
materials (USDA National Agricultural Statistics Service,
2023). Examining ornamental horticulture in North
Carolina offers a valuable snapshot of the industry’s
overall sustainability. The state accounts for 3% of the

$8.2 billion in national sales (2022) and features a
diverse climate that spans the mountains, Piedmont, and
coastal plain. Social dynamics, such as rising
urbanization, also reflect broader national trends (US
Census, 2022; Feierabend, 2024).

In 2023, we mailed surveys to businesses on the North
Carolina plant licensor and the NC Green Industry
Council’'s membership lists using the Dillman survey
method, with a 10% survey response rate (Dillman,
1978). Questions in the survey were designed to be
compatible with earlier rounds of the national ornamental
horticulture industry survey. A total of 975 responses
were received from the survey. Of these, 227 responses
included one or more answers to our sustainability
questions. The responding businesses focus on
Christmas tree production (N = 45), floriculture
production (N = 74), nursery production (N = 114),
propagule production (N = 47), wood product and
compost production (N = 15), turfgrass production (N =
15), and pine needle production (N = 33).

To understand how sustainability practices align in
grower operations, we examined the correlations among
four variables: the number of IPM practices used,
reliance on sustainable water sources, the share of
native plants sold, and overall plant diversity.
Unfortunately, only 21 of the total 227 respondents
indicated whether they had a sustainability certification.
Due to this small sample, we exclude certification from
the correlation analysis. Table 1 shows the participation
of the sample in each of the four sustainability practices.
Not all respondents answered all four questions, so the
sample size for each variable is less than the total
number of observations.

Figure 1 shows the distribution of responses for the four
sustainability measures across North Carolina's
ornamental horticulture industry. The left panel shows
right-skewed distributions for both plant diversity and
IPM practices. Many businesses operate with relatively
few plant types and implement a limited number of IPM
strategies, while fewer operations maintain high diversity
or extensive IPM programs. The right-hand panel
indicates more pronounced specialization, with just over
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Figure 1. Histogram Distributions of Sustainability Practices Among North Carolina Ornamental Horticulture
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two-thirds of respondents using no sustainable water
sources. Native plant sales show a bimodal pattern: just
over one-fifth of respondents sell no natives and another
fifth sell only natives.

Our survey of North Carolina ornamental growers
reveals four patterns in respondents’ businesses’
sustainability practices (Table 2). First, businesses that
carry a broader mix of plant species also tend to report
using more IPM practices. This relationship is
statistically strong and makes intuitive sense: As the
diversity of plants increases, so does the complexity of
managing pests. Each species can bring its own
vulnerabilities, and growers appear to respond by
layering on more pest-monitoring and prevention tactics.

Second, companies that use more water sustainability
practices are also engaging in more IPM practices.
Third, plant diversity and water conservation strategies
are correlated, indicating that the more plant types the
producer implements, the more water conservation
strategies they tend to implement. Finally, we see no
clear pattern between native plants and the other three
practices. These appear to be adopted independently
rather than as part of a coordinated sustainability bundle.

Of course, caution is warranted in interpreting these
findings. The data come from a single snapshot in time
and cannot tell us the direction of causation. It is

possible that expanding plant offerings leads growers to
adopt more pest-management tools, but it is also
possible that the capacity to manage pests enables
diversification. A third possibility is that both practices
reflect broader operational strengths, like staffing,
experience, or market strategy. The survey was not
designed to sort among these explanations, but the
patterns are consistent with each.

Still, the practical takeaway is clear: Selective
sustainability affects how Extension services and
industry groups support growers. For those diversifying,
IPM should be part of the strategy. As product lines
expand, so do monitoring and pest-management needs.
Different crops—Ilike roses, Christmas trees, geraniums,
and poinsettias—face unique pest and disease
pressures. Adding more diversity increases the number
of pressures that need to be accounted for in the IPM
programming. Wide-scope Extension education that
connects IPM monitoring and management strategies
with plant diversification goals is likely to meet growers
where they are, especially those seeking to expand
without sacrificing plant health or customer satisfaction.

There may be a few explanations for why the water
sustainability practices and IPM practices relationship
exists. For example, it is a generally accepted best
practice to not use overhead water later in the afternoon
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Table 2. Relationships Among Sustainability Practices Reported by North Carolina Green Industry Survey
Respondents
IPM Sustainable Water Native Plant
Count Sources Plants (%) Diversity
IPM count 1.00
(N=179)
Sustainable water 0.18** 1.00
sources (N =162) (N=170)
Native plants (%) -0.05 -0.03 1.00
(N =139) (N =144) (N =175)
Plant diversity 0.34*** 0.22%** -0.10 1.00
(N =138) (N =142) (N =162) (N=179)
Notes: Values show Spearman correlation coefficients; sample sizes are listed in the row below each correlation. Asterisks
indicate statistical significance: * p<0.1, ** p<0.05, *** p<0.01.

or overnight. This is because wet leaves attract fungi,
increasing the risk of disease. Thus, it is recommended
to use more sustainable methods like drip irrigation or
bottom watering, as the water is targeted at the roots
and less water is lost off-target when irrigating. Another
possibility is that waterborne plant diseases can be a
problem for horticultural businesses and need to be
combated in production. Growers can recycle their water
in holding ponds or rainwater collection to decrease
disease pressure, which reduces the amount of water
drawn from reservoirs or surface water streams and also
decreases off-target pesticides and insecticides from
spreading into water systems.

Producers in certain areas, such as the Appalachian
areas of North Carolina, may be constrained to well
water and recollection access due to the terrain and
rurality of their location. Thus, they do not have access
to municipal water or recirculatory holding ponds. These
constraints shape which water-conserving practices are
feasible. Therefore, growers may need to be more
conservative toward watering in the different
microclimates throughout the state. Water requirements
change depending on the plant’s type and origin. This
has to do with root system structure (deep tap, fibrous,
shallow taproot) and sensitivity to staying damp after
watering, as well as the soil or substrate used, plant
size, and container volume. Growers may be
implementing watering strategies that incorporate
precision technology or drip irrigation, which are both
more conservative and more exact with water
application; thus, these strategies are water sustainable.

More broadly, the weak or absent correlations among
many sustainability practices suggest that growers build
their own combinations by adopting certain tools based
on their particular crops, customers, and constraints.

Past research shows that sustainable actions depend on
how relevant and useful individuals perceive the
information (D'Amato, Giaccherini, and Zoli, 2019). This
highlights the need for flexible outreach. For example,
advisers should offer modular guidance, which can be
tailored into educational and resource database modules
on categorical sustainable practices such as water
conservation, energy usage (a key pillar in certification
programs), soil regeneration, IPM strategies, and
advancing technology to conserve general growing
resources.

Final Thoughts

As the ornamental horticulture industry continues to
grow and evolve, sustainability remains both a challenge
and an opportunity. National trends among ornamental
horticulture producers—including shifting IPM practices,
the influence of water-saving messages, and demand for
native plants—reveal a fragmented yet promising
landscape where growers selectively adopt practices
such as integrated pest management, water
conservation, native plant cultivation, and plant diversity.
Our North Carolina case study affirms these patterns
and underscores the importance of context. Grower
choices are shaped by crop variety, geographic
constraints, market signals, and operational capacity.

The patterns in this study reveal how sustainability plays
out for North Carolina ornamental plant growers. There’s
no one-size-fits-all solution. By understanding how
sustainability practices relate, researchers, trade
organizations, and Extension agents can better support
growers in their current operations and future goals as
they face environmental challenges and respond to
evolving consumer demand for sustainably grown plants.
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Around $13 billion of specialty crops are produced in the
United States by using paid-pollination services. The
pollination service market plays a crucial role in the
specialty crop industry, as some of those crops require
pollination to produce fruits or nuts, while others benefit
from pollination for higher yield, improved quality, or
seed production (USDA-ARS, 2017). However, in 2025,
early estimates indicate the loss of approximately 1.6
million honey bee colonies, with commercial beekeepers
experiencing an average colony loss of 62% (Project
Apis m. 2025a). This raises significant concerns about
the economic implications for pollinated crops and the
long-term sustainability of pollination services in US
agriculture.

While some growers maintain their own honey bee
colonies or rely on wild pollinators, many choose to meet
pollination demands by renting hives from beekeepers,
who transport their bees to the farms. In 2024, managed
pollination markets reached a total value exceeding
$400 million. The value of pollination services has
increased by around 26% compared to 2016, mostly due
to increasing pollination fees. Approximately 88% of the
pollination service revenue in 2024 (around $352 million)
was concentrated in the Pacific Southwest (Region 6 & 7
in the USDA-NASS’s Census of Agriculture region
classification, Figure 1). This region, particularly
California, contributes significantly to the high pollination
service revenue due to its almond production, which
requires a substantial number of honey bee colonies for
pollination services.

Historically, national-level beekeeping surveys focused
only on the honey market, with limited information about
the paid-pollination service markets (Ferrier, 2019). The
USDA-NASS initiated the annual Cost of Pollination
surveys in 2015, discontinued them after 3 years, and
reinstated them in 2022. These surveys remain the only
national-level efforts to capture economic information on
the market for pollination services. They collect
information on pollinated acreage, the number of
colonies used, and the costs incurred for major

pollinator-dependent crops across regions in the United
States. The surveys show that the total revenue
collected by beekeepers performing pollination services
was comparable to the total value of honey produced in
2016 and 2017, and pollination revenues have
surpassed honey revenues since 2022.

In this article, we utilize both national and state-level
data to present an overview of trends and the current
state of the pollination service market for major specialty
crops, evaluate the regional and seasonal differences in
pollination service, examine the challenges growers face
due to declining pollinator health, and discuss current
policy initiatives aimed at addressing those issues.
Although the impact of the 2025 colony loss is yet to be
fully assessed, this article emphasizes the critical role of
the paid-pollination service market in specialty crop
production and reviews policy efforts related to pollinator
health.

Major Specialty Crops That Rely on Paid-
Pollination Services

Figure 2 illustrates the proportion of paid-pollination
acreage relative to total harvested acreage for major
pollinator-dependent specialty crops, indicating how
reliant these crops are on managed pollination services.
In 2023, almonds, apples, blueberries, and cherries
exhibited the highest share of paid-pollination acreage,
each exceeding 70%. While estimating the direct
production value contributed by pollination services to
these crops remains challenging, the combined
production value of the top seven pollinator-dependent
specialty crops exceeded $10 billion.

Almonds, the Largest Pollinator-Dependent Crop
Almond production represents the largest pollination
service market. In 2024, 81% of total US pollination
service revenue was generated by almond production,
with the pollination service revenue for almonds alone
($325.8 million) being close to the value of the honey
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and 7) include Arizona, California, and Hawaii.

Source: USDA-NASS Cost of Pollination Survey (2024).

Figure 1. Size of Paid-Pollination Service by Region, 2024

Notes: Northeast (Region 1) includes Connecticut, lllinois, Indiana, Kansas, Massachusetts, Maine, Michigan, Nebraska, New
Hampshire, New Jersey, New York, Ohio, Pennsylvania, Rhode Island, Vermont, and Wisconsin. Southeast (Region 2)
includes Alabama, Delaware, Georgia, lowa, Kentucky, Maryland, North Carolina, South Carolina, Tennessee, Virginia, and
West Virginia. South (Region 3) includes Arkansas, Florida, Louisiana, Missouri, Mississippi, New Mexico, Oklahoma, and
Texas. Midwest and Mountain (Region 4) includes Colorado, Minnesota, Montana, Nevada, North Dakota, South Dakota, Utah,
and Wyoming. Pacific Northwest (Region 5) includes Alaska, Idaho, Oregon, and Washington. Pacific Southwest (Regions 6

Acres (Poll.): 183.8K
Value (Poll.): $18.5 mil

+1

Census of Ag. Region
Region 1
Region 2

Acres (Poll.): 61.3K Reg'on 3

Value (Poll.): $6.3 mil Region 4

Region 5
Region 6 & 7

production ($361.5 million) (Table 1). Goodrich and
Altschuler (2025) estimate that the 1.4 million acres of
almonds in California in 2024 required over 2 million
honey bee colonies to ensure adequate pollination,
which was 99% of total colonies in the U.S. on January
1, 2024. To meet this demand, beekeepers transport
their hives across long distances to California for
pollination services (Bond et al. 2021).

The pollination fee per colony for almonds is the highest
among all pollinator-dependent crops (Table 2). Between
2022 and 2024, the average almond pollination fee was
$188 per colony, more than double the average of $70
per colony for other crops. Historically, almond
pollination fees were not substantially higher than those
for other crops (Sumner and Boriss, 2006). However, the
rapid expansion of almond acreage has driven a steep
increase in pollination fees since 2005 (Ferrier 2018).
This rise is largely attributed to almonds’ early blooming
season, the nonmarketability of almond honey, and the
higher number of colonies required compared to other
crops (Ferrier 2018; Goodrich 2019).

Most almond varieties depend on cross-pollination,
requiring honey bee colonies to be brought into orchards

during bloom to ensure adequate pollination. Almonds
bloom between February and March, requiring
beekeepers to awaken their bees from winter dormancy
earlier than usual, using supplemental feed to
compensate for the scarce natural forage earlier in the
season (Champetier, Lee, and Sumner, 2019). Thus,
almond pollination fees must cover additional costs of
feeding and preparing colonies for almond pollination,
costs of transport from all over the United States, and
forgone income from local honey producing and
pollination services opportunities (Goodrich, Williams,
and Goodhue, 2019).

The total pollinated acreage for almonds has grown
slightly given the increase in overall almond acreage,
rising from approximately 920,000 pollinated acres in
2015 to just over 1 million acres in 2024. The share of
paid-pollination acreage for almonds dropped from 95%
to 78% between 2016 and 2023. This decrease is due to
multiple factors. In recent years, there has been
increased planting of self-fertile almond varieties, such
as ‘Independence,’ that require fewer colonies per acre
for commercial production (Saez et al., 2020).
Anecdotally, many growers of self-fertile varieties may
not stock bees for pollination, though they likely benefit
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Figure 2. Share of Paid-Pollination Service by Major Specialty Crops, National Averages

Share of paid
pollination

Notes: See Figure 1 for state-region grouping. The share of paid-pollination acreage was calculated by dividing the paid-
pollination acreage by the harvested acreage for each crop-region-year with available data. For instance, paid-pollination
blueberry acreages were available for Regions 1, 2, 3, 5, and 6 & 7 in 2016 and 2017. The shares were calculated using the
harvested acreages of those regions in those years. Since 2022, NASS has not published paid-pollination acreages for

2017 m2022 2023

m 2016
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Almond Apple Blueberry Cherry Raspberry Squash  Watermelon
$3,880 $3,044 $1,074 $675 $372 $215 $787

Total value of crop production in 2023
(in million $)

Source: USDA-NASS Cost of Pollination Surveys (2024).

blueberries in Regions 6 & 7, and thus Region 6 & 7 was removed from the calculation for 2022 and 2023.

from pollination services provided to neighboring
orchards (Fitchette, 2021). Additionally, lower almond
prices in recent years combined with water scarcity due
to drought and the Sustainable Groundwater
Management Act have led to removal and abandonment
of some unprofitable orchards. (For example, see the
Land IQ almond acreage reports, 2024; this change in
acreage may not yet be reflected in USDA estimates
which are not finalized until later.)

Regional and Seasonal Differences in Pollination

Fees

Beekeepers who provide pollination services are highly
mobile and often travel long distances seasonally across
the country with their hives. This high mobility is a
consequence of the rise in monoculture farming and the
expansion of farm sizes, which have made it increasingly
challenging for pollinator-dependent crop production to
rely solely on locally managed bee colonies and wild
pollinators (Bond et al., 2021). Furthermore, the lack of
forage outside of crop blooming seasons presents
difficulties for beekeepers in maintaining their colonies

year-round in these crop-growing regions. The
movement of beehives is carefully synchronized with the
blooming periods of various crops, which vary by region
and climate.

With almond production in California representing the
largest pollination services market, most beekeepers
concentrate in the state during the almond blooming
season between February and March. Following this
period, beekeepers disperse to their respective crop-
specific pollination routes. Fruit trees—such as apples,
cherries, plums, and pears—are typically the next crops
in the sequence to bloom, followed by berry crops like
blueberries, cranberries, and raspberries. The final
pollinator-dependent crops to bloom are cucurbit crops,
such as melons and squash. Most of these pollinator-
dependent fruit crops grow in eastern and western states
(i.e., Regions 1 and 5). Watermelon is one of the
exceptions, with high production in Regions 2 and 3, as
Florida, Georgia, and Texas are the top watermelon-
producing states. Once the pollination services are
completed, many beekeepers relocate their colonies to
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Table 1. Overview of the Pollination Service and Honey Markets
Percentage
Change,
2016 2017 2022 2023 2024 2016-2024
Paid-pollination market
Total value (in $1,000) $318,307 $319,604 $440,716 $414,518 $400,755 25.9%
Share of almond 83% 79% 83% 81% 81% -2.1%
Total acreage (in 1,000) 1,815 1,749 1,706 1,862 1,728 -4.8%
Share of almond 51% 53% 61% 58% 61% 10.3%
Pollination fee ($/acre)
National average $85 $86 $113 $111 $107 26.4%
Northeast (Region 1) $66 $62 $91 $83 $82 24.7%
Southeast (Region 2) $48 $56 $84 $85 $87 78.9%
South (Region 3) $49 $56 $71 $77 $67 35.5%
Midwest and Mountain o
(Region 4) $40 $36 $44 $57 $49 21.3%
Pacific Northwest (Reg|05r)1 $60 $65 $75 $83 $71 19.2%
Pacific Southwest (Regéo?’; $247 $239 $314 $281 $289 17.2%
Honey market
Total value (in $1,000) $343,962 $327,855 $377,246  $355,651 $361,517 5.1%
Relative size of pollination
service market to the honey 93% 97% 117% 117% 111% 18%
market
Notes: See Figure 1 for state-region grouping.
Source: USDA-NASS Cost of Pollination Surveys (2024), Honey Reports (2025).

high-forage regions for honey production, such as North
Dakota, South Dakota, Montana, and Minnesota in the
Northern Great Plains.

Regional disparities in individual crop pollination fees
arise due to the supply of honey bee colonies located in
each area at the time a crop begins blooming. With the
high number of beekeepers gathered in California at the
start of the season, pollination fees for early- to mid-
season blooming crops, such as apples, tend to be lower
on the West Coast compared to the East Coast. For
example, Table 2 shows that apple pollination fees
averaged $85 per colony in the Northeast, compared to
$55 and $59 per colony in the Pacific Southwest and
Northwest, respectively. Conversely, later in the season,
as most beekeepers have moved out of California, crops
like cantaloupe and watermelon tend to have higher
average pollination fees in the western region compared
to their eastern counterparts. Additionally, some crops
on the West Coast, such as early-blooming cherry
varieties and plums, may coincide with the final phase of
the almond bloom season, creating potential competition
for pollination services.

Table 3 displays estimated pollination costs per acre and
the pollination cost as a percentage of variable and total

costs for select crops, states, and years, gathered from
sample budgets put together by cooperative extension
personnel. Total costs will often include noncash
opportunity costs for land and machinery ownership as
well as establishment costs for perennial crops.
Therefore, evaluating pollination expenses as a
percentage of variable costs provides a more accurate
representation of how a specialty crop grower perceives
the paid-pollination service expense in relation to other
annual cash expenses. Pollination fees per colony range
from around $55 for apples, blueberries, and cherries in
Washington to $210 per colony in California almonds. As
a percentage of variable costs (total), pollination ranges
from 0.16% (0.13%) for apple production in Washington
to 11% (4.88%) for almond production in California.

Decline in Pollinator Health Creates
Challenges for Growers

Colony strength is an important factor for pollination
services. High colony strength typically refers to a hive
with high numbers of forager bees, which provides
greater pollination efficiency. Improved habitat and
greater forage availability contribute to overall pollinator
health, thus providing greater benefits to crop
production. Although most pollinator-dependent crop
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Table 2. Pollination Fee per Colony, by Crop and Region, 2022-2024 Average
Midwest
and Pacific Pacific
Approx. Northeast Southeast South Mountain Northwest Southwest
Bloom Period (Region 1) (Region 2) (Region 3) (Region 4) (Region 5) (Region 6&7)
Early (Feb—
March)
Almond - - - - - $187.7
Early-mid (March—May)
Cherry $70.8 - - $38.1 $60.2 $88.3
Apple $85.4 $60.7 - $61.8 $58.6 $55.1
Pear - - - - $58.7 -
Mid - late (May—June)
Blueberry $85.6 $70.9 $63.9 - $50.8 -
Cranberry $84.4 - - - $76.7 -
Raspberry - - - - $39.1 -
Late (June or after)
Cantaloupe - $63.0 - - - $79.1
Cucumber $72.5 - - - - -
Pumpkin $82.9 $74.1 - - - -
Squash $75.4 $70.6 - - - -
Watermelon $83.6 $70.4 $67.8 - - $101.0
Notes: See Figure 1 for state-region grouping. The bloom period of each crop is an approximation, as it is influenced by factors
such as crop variety, regional characteristics, and annual weather fluctuations.
Source: USDA-NASS Cost of Pollination Surveys (2024).

production relies on domesticated honey bees, a
significant portion is affected by wild pollinators (Figure
2), and increased pollinator diversity has been shown to
improve crop yields (Garibaldi et al., 2016). Pollinators,
especially bees, butterflies, and other insect species,
have seen a notable decline in populations across the
United States in recent decades (Dicks et al., 2021).
More recently, a national beekeeper survey revealed
that the average honey bee colony loss reached a
historic high of 62% in early 2025, with no clear
indication of specific causes (Project Apis m., 2025b).

In general, pollinator decline is driven by multiple
interrelated, compounding factors that place substantial
stress on these crucial species (Dicks et al. 2021). The
spread of pathogens, like Paenbacillus larvae, which
cause American foulbrood disease in honey bee
colonies, and the presence of pests, such as the Varroa
destructor mite that affects honey bee health, have
weakened pollinator health and exacerbated population
declines. The widespread application of some
pesticides, particularly neonicotinoids, has been shown
to harm pollinator populations (Fairbrother et al., 2014;
Hopwood et al., 2016; Woodcock et al., 2017)—these
chemicals affect their ability to forage, navigate, and
reproduce, contributing to declines in bee populations.
Habitat loss and fragmentation resulting from
urbanization, intensive agriculture, and land use
changes has reduced the availability of food and nesting

sites for pollinators (Liang et al., 2023). Shifts in
climate—including altered temperatures, precipitation
patterns, and extreme weather events—have disrupted
the timing and availability of food sources for pollinators
(McElwee et al., 2023). Additionally, climate change may
cause shifts in the geographic range of pollinator
species, potentially leading to mismatches between
pollinators and the plants they pollinate (Hegland et al.,
2009).

High colony loss not only threatens beekeepers’
operations but also the production of pollinator-
dependent crops. Without enough colonies, growers
face decreasing yields and quality. Furthermore, crop
insurance policies may not provide adequate coverage
for losses incurred due to insufficient pollination
services, as insurers often require that growers secure a
minimum level of pollination services (USDA Federal
Crop Insurance Corporation 2022). This requirement can
lead to increased competition for pollination services
during peak blooming periods, resulting in higher fees for
growers. Pollination fees have already been driven high
by the heightened demand for California’s almond
production (Ferrier et al., 2018). Between 2016 and
2024, despite pollinated acreage decreasing by 5%, the
cost of pollination services increased by 26% because of
the increase in pollination prices (Table 1). If the high
colony loss persists, the cost of pollination services may
continue to increase. Regionally, the Southeast (Region
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Table 3. Pollination Costs as a Percentage of Variable and Total Costs for Select States and Crops

Pollination Pollination

Total Cost as Cost as
Pollination  Pollination  Percentage Percentage
Fee Per Cost Per of Variable of Total
Crop Year State Colony Acre Costs Costs Source
Duncan et al.
Almond 2024  California $210.0 $420.0 11.03% 4.88% (2024)
Apples 2023 California $150.0 $150.0 2.49% 1.51% Bolda et al. (2023a)
Gallardo and
Apples 2020 Washington $55.0 $55.0 0.16% 0.13% Galinato (2020)
Apples 2025  Missouri - $100.0 1.87% 1.71% FAPRI (2025a)
Gallardo, Galinato,
and Benedict
Blueberries 2022  Washington $55.0 $275.0 2.14% 1.56% (2023)
Blueberries 2025  Missouri - $100.0 0.73% 0.71% FAPRI (2025b)
Singerman et al.
Blueberries 2022  Florida $63.8 $127.5 2.28% 1.41% (2016)
Gallardo and
Cherries 2022  Washington $57.0 $114.0 0.48% 0.40% Galinato (2022)
Thompson and
Cherries 2022 Oregon $55.0 $110.0 1.61% 1.23% Seavert (2022)
Bardenhagen et al.
Cherries 2022  Michigan $65.0 $65.0 3.50% 2.15% (2022)
Niederholzer et al.
Plums (Dried) 2022 California $30.0 $30.0 0.60% 0.34% (2022)
Raspberries 2023 California $150.0 $300.0 0.41% 0.35% Bolda et al. (2023b)
Squash
(Summer) 2025 Missouri - $94.2 1.13% 1.06% FAPRI (2025c)
Squash
(Winter) 2025 Missouri - $94.2 2.29% 2.03% FAPRI (2025¢€)
Watermelon 2025 Missouri - $94.2 1.89% 1.72% FAPRI (2025d)
Fonsah and
Watermelon 2025 Georgia $55.8 $55.8 0.76% 0.66% Hancock (2025)
Athearn et al.
Watermelon 2021  Florida $65.0 $130.0 5.07% 4.22% (2021)

Notes: This table only includes crop budgets that were updated in 2020 or after. The total cost of pollination is the number of bee
colonies rented per acre multiplied by the pollination rental fee per colony.

2) experienced the largest increase, with costs rising pollinator-friendly landscapes. This includes increasing
from $48 to $87 per acre (Table 1). Rising pollination floral diversity, reducing habitat fragmentation, and
fees contribute to higher costs of production for specialty integrating pollinator-friendly practices into agricultural
crop growers and ultimately could translate to higher and urban planning. The USDA’s Conservation Reserve
fruit, nut, and vegetable prices for consumers if pollinator Program (CRP) incentivizes landowners and farmers to
health issues continue to worsen. remove environmentally sensitive land from active
agricultural production and restore it to native vegetation,
Policy Initiatives on PoIIinator Hea|th providing millions of acres of vital habitat and forage for

honey bees and other wild pollinators (Otto et al., 2018).
Under the CRP, participants can establish pollinator-
friendly habitats on retired farmland, including planting
native wildflowers, grasses, and other flowering plants

The USDA has taken steps to address pollinator decline
by implementing a variety of programs and initiatives
focused on restoring pollinator habitats, reducing harmful

practices, _?_?]d promoting §ustamqb_|e agrlrﬁ:ultural that provide food, nesting, and shelter for pollinators,
phractlé:es. € |r|1||.t|at|ves alrg to m't'gaﬁe.t Ie stressors helping reverse habitat loss caused by agricultural
that threaten pollinators and ensure their long-term intensification. Within CRP, the Pollinator Habitat

health (USDA-OCS, 2022). Initiative (CP42) specifically targets the restoration and

management of native grasslands to support pollinator

One F’”f."afy fO.Cus i; habitat conservati_on and populations (Abadam, Yeh, and Brown, 2023). CP42
restoration, which aims to expand and improve
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aims to establish pollinator habitats for nesting,
breeding, and foraging, thereby enhancing biodiversity
and supporting essential ecosystem services. Between
2018 and 2024, the average monthly CP42 enroliment
exceeded 500,000 acres (Abadam, Yeh, and Brown,
2023; USDA Farm Service Agency, 2024).

Through working lands programs, such as the
Conservation Stewardship Program (CSP) and the
Environmental Quality Incentives Program (EQIP),
participants can also implement habitat buffers around
agricultural fields (e.g., hedgerows, flower strips, or
wetlands), which create corridors that link fragmented
habitats and provide safe spaces for pollinators to forage
and nest. To help farmers design and implement
pollinator-friendly practices on their land, the USDA
provides funding and technical support. Olimpi and
Karpanty (2023) identified 51 conservation practices by
the USDA Natural Resources Conservation Service that
are likely to benefit pollinators. These include targeted
pollinator-focused practices, landscape-scale initiatives,
and collaborative partnerships with other agencies and
organizations aimed at developing regional pollinator
conservation strategies.

The USDA also prioritizes reducing pesticide exposure,
emphasizing integrated pest management strategies that
minimize harmful chemical impacts. Research and policy
efforts support developing pollinator-safe pesticides and
alternative pest control methods (Schierow, Johnson and
Corn, 2012). Addressing the effects of changing climate
on pollinator populations is another critical area. The
USDA advocates for adaptive management strategies,
such as adjusting planting schedules and selecting
climate-resilient plant species to ensure stable forage
and nesting resources despite shifting environmental
conditions. Additionally, the USDA supports disease and
pest management efforts, particularly concerning honey
bee health. Research initiatives focus on mitigating the
impacts of pathogens, parasites (such as Varroa mites),
and invasive species that threaten native and managed
pollinators.

In addition to conservation programs, the USDA
provides critical insurance support to beekeepers
through initiatives designed to mitigate financial risks
associated with environmental stressors. The USDA’s
Emergency Assistance for Livestock, Honeybees, and
Farm-Raised Fish Program (ELAP) provides financial
support to beekeepers affected by natural disasters and
emergencies (e.g., drought, hurricane, pest infestation),
addressing colony losses and hive replacement
expenses. ELAP’s support is intended to help stabilize
income in beekeeping operations, reducing the financial
impact of colony stressors and allowing beekeepers to
continue their work and maintain honey production and
pollination services critical to agricultural production.
Between 2018 and 2022, the majority of ELAP payments
were for colony losses (95%), with smaller amounts for
hive (3%) and feed (1%) losses, averaging $45 million

annually from 2020 to 2022 (Abadam, Yeh, and Brown,
2023). A notable spike in ELAP payments occurred in
2019, coinciding with a two-year period of increased
colony losses. Although the losses subsequently
declined, the 2022 losses (300,000 colonies) remained
55% higher than in 2017, highlighting the critical role of
assistance programs for beekeepers.

Complementing ELAP, the USDA also administers the
federally subsidized Apiculture Rainfall Index (API)
insurance program to insure beekeeping operations
against low rainfall that could decrease beekeeping
incomes through decreased honey production and/or
decreased colony health. API was first piloted in
selected areas in 2009 and was made available to all
contiguous US states in 2018. In 2024, over 3 million
colonies were enrolled in the program, with nearly $500
million in insured liabilities (USDA-RMA, 2025). In
response to lower-than-average rainfall, roughly $122
million in indemnities were paid out to participating
beekeepers in 2023 (an average of $37 per participating
colony). While the API and ELAP programs cannot fully
address the long-term challenges facing honey bee
populations, they contribute to the resilience of the
beekeeping sector.

Conclusion

This article examines the pollination service market for
specialty crop production in the United States,
highlighting recent trends and their implications. The
value of pollination services has increased by around
26% from 2016 to 2024, and the size of the pollination
service market is increasingly growing that it is now
close to the size of honey market, highlighting the
growing importance of pollination service market, both
for growers with pollinator-dependent crops and
beekeepers. We examine the reliance of key specialty
crops on pollination services, summarize the share of
pollination costs in production budgets, and discuss the
impact of pollinator health decline on growers.

Among pollinator-dependent crops, almonds represent
the largest segment of the pollination service market,
accounting for 81% of total pollination service revenue
for US beekeepers. For growers, pollination costs for
almonds constitute approximately 11% of variable costs,
compared to less than 3% for most other specialty crops
reliant on pollination service. Although estimating the
direct economic value of pollination to crop production is
challenging, the combined production value of the seven
leading pollinator-dependent specialty crops exceeds
$10 billion.

This article also summarizes current policy initiatives and
programs addressing both honey bee and wild pollinator
health. Programs designed to enhance wild pollinator
populations (e.g., CP42) or provide financial support to
beekeepers (e.g., ELAP, API) can contribute to more
stable pollination service availability and more resilient
crop production systems in the United States. Given the
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ongoing decline in pollinator health, a deeper
understanding of the pollination service market is
essential for shaping regional policies affecting
beekeepers, growers, and other stakeholders. The
complex and interconnected nature of pollination

markets necessitates public engagement, partnerships
with stakeholder groups, and cross-sector collaboration
to foster pollinator-friendly practices and ensure the
sustainability of specialty crop production.
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Soil acidity poses a significant challenge for growers
across Western Canada. Many specialty crops, such as
pulses, are highly sensitive to soil pH—a measure of
acidity—which must be maintained within a narrow
optimal range to support healthy plant growth. Soil liming
is an effective agricultural management practice to
mitigate soil acidity. By increasing soil pH, liming
enhances nutrient uptake, improves soil structure, and
supports healthy plant development (Enesi et al., 2023).

Despite its clear agronomic benefits, the adoption of soll
liming remains surprisingly low. The two maps in Figures
1 and 2 tell a striking story. Figure 1 shows widespread
soil acidification across Canada, particularly in eastern
regions and parts of Alberta. These areas have pH
levels well below the optimal range, typically between
6.0 and 7.0, for pH-sensitive specialty crops like
chickpeas.

The second map shows the proportion of farmland
where lime is applied. This suggests that adoption
remains extremely low, with most areas reporting lime
use on less than 1% of farmland. Together, the maps
highlight a concerning gap: while soil acidification affects
millions of hectares, the practice of applying lime to
neutralize acidity remains rare. This gap raises concerns
about long-term soil health, crop yields, and the
sustainability of Canadian agriculture.

So why is adoption so low? One likely factor is economic
uncertainty. Many farmers are hesitant to invest in lime
due to concerns about cost-effectiveness. Short-term
studies show mixed results. For example, Haak (1990)
reports that the initial yield increases from liming were
insufficient to offset the input costs, leading to net
revenue losses. In contrast, Bongiovanni and
Lowenberg-DeBoer (2000) find that using lower lime
rates can be economically viable in the short term. For
medium-term outcomes, research by Liu, Conyers, and
Helyar (2003) estimates that for a 10-year crop rotation,
the cost-effective lime application rate ranges from 2.0 to
5.5 tonnes per hectare.

What about the long-term effects on yield? Li et al.
(2010) find that wheat and canola yields can double after
three rotations, increasing gross margins by as much as
25%. The very long-term outlook appears even more
promising. Research by Malhi et al. (1995), as well as
Warner et al. (2023), shows that a single application of
lime can boost yields for 16—27 years. However, Holland
and Behrendt (2021) caution that significant positive
returns may take 2 decades to become evident.

The aforementioned studies provided valuable insights
into the cost-effectiveness of liming in both the short
term and long term. However, these studies primarily
focused on yield effects and overlooked a key driver of
farm profitability: crop rotation strategies. By improving
soil pH over time, liming not only increases yields but
also broadens the range of crops that can be grown,
especially high-value specialty crops that thrive in near-
neutral pH conditions. Without liming, natural soil
acidification may push farmers toward more acid-tolerant
crops like wheat, limiting flexibility and long-term
profitability.

Our analysis sheds light on how liming affects crop
rotation systems, helping to explain why the gap
between short- and long-term profitability leads to the
persistently low adoption of liming among Canadian
growers. Healthy soil delivers more than just biological
benefits; it yields clear economic returns. Yet farmers
are often forced to balance immediate costs against
uncertain long-term gains. Despite the evident economic
benefits, many farmers hesitate to invest in liming. The
upfront costs and site-specific conditions, combined with
uncertain returns, often make liming a hard sell.

Economic Model: How We Ran the
Numbers

At the heart of this study is a detailed economic model
that simulates how farmers manage soil acidity while

aiming to stay profitable. The model reflects real-world
decisions, such as which crops to plant, how to rotate
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Figure 1. Soil Acidity Levels Across Canada
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Note: Soil pH levels across Canada’s agricultural regions, measured using calcium chloride. Large areas exhibit strongly acidic
soils, with pH values below 5.5.

Source: Data from Soil Landscapes of Canada Version 3.2 (SLC v3.2), Agriculture and Agri-Food Canada.

them, and whether and how much lime to apply. involves capital and operating expenses, and the
Farmers need to make these choices over multiyear benefits decline over time as soil naturally re-acidifies.
planning horizons, with a typical rotation lasting 3 years. The model also captures the trade-off between liming
The model simulates how these decisions play out over and crop selection. A grower who invests in lime can
time, taking into account changing soil conditions, expand into pH-sensitive specialty crops. A grower who
fluctuating crop yields, and volatile market prices. does not may be forced to switch to acid-tolerant
options. Realistic crop rotation constraints are also built
A key feature of our model is that soil pH affects how in, such as alternating between cereals and pulses to
well crops grow. High-value specialty crops like pulses preserve soil fertility.
need soil conditions to stay within a tight range. If the
soil becomes too acidic, their yields drop sharply. Liming To ensure the analysis reflects the realities farmers face,
can restore pH levels—but not without cost. The practice the study draws on real-world data to calibrate its

Figure 2. Lime Application Rates Across Canada.
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Table 1. Summary of Model Parameters

Parameter Value Description
Time horizon 48 years
Inflation rate 0.02 per
year
Acidification rate 0.01

Lime effectiveness 0.2

Liming cost 85.75
CAD/ton

Profit uncertainty +30%

Initial soil pH 6.4

The analysis covers a 48-year period for long-term analysis
Annual price increase (2% per period)

Natural acidification of soils based on Fenn et al. (2006). Soil becomes more
acidic each year, naturally and slowly reducing its fertility

Increase in soil pH per ton of lime applied, based on Enesi et al. (2023)
Base cost of lime per ton (authors calculations*®)

Yields and prices can vary randomly by up to +30%. This captures real-
world market and weather risks

Average soil pH at the beginning of the analysis (data from Soil Landscapes
of Canada version 3.2)

testing.

Notes: *Over 10 years, lime costs approximately CA$150 per ton, with 1 hectare requiring an average of 4.5 tons. Added
expenses include CA$11 for application, CA$6 for transport, $0.15 for machinery upkeep, CA$1.2 for bulk storage and soll

economic framework. Two tables summarize the model’s
assumptions: Table 1 sets the parameters for how
farming decisions unfold over time, and Table 2 outlines
the economics of growing different crops in Western
Canada. Table 1 includes key settings like how long the
analysis runs, how fast prices are expected to rise, and
how quickly soils naturally acidify. It also includes the
cost of applying lime and its effectiveness in improving
soil health. These values are based on recent research,
official estimates, and expert opinions.

Table 2 offers a snapshot of farm economics. It lists
average market prices, yields, production costs, and the
ideal soil pH range for crops like wheat, lentils, canola,
and dry beans. These values come from provincial crop
planning guides, insurance data, and historical records.
Together, they help the model estimate how much profit
each crop could generate under different soil conditions.

With the economic framework in place and grounded in
real-world data, the next section explores what the
numbers reveal. How do farmers respond when soil
conditions deteriorate due to natural acidification? What
happens to profitability when liming is delayed or
skipped altogether? The results reveal important trade-
offs, shifts in crop choices, and a clearer picture of why
some growers continue to avoid liming despite its long-
term benefits.

Main Result; Acid Pushes Pulses Out

Using the economic model described earlier, we
simulate cumulative profits and crop choices under two
scenarios: with and without soil liming. From Figure 3,
we find that there are differences in crop choice
frequency. In the “no liming” scenario, we observe a
clear shift away from pH-sensitive crops like pulses.

Table 2. Crop List and Data, 2023-2024

Prices Maximum Yield Production Cost Optimal pH

Crop (CAD/tonne) (tonne/ha) (CAD/ha) Range

Wheat 378 4.1 1,415 (6.0, 7.0)
Barley 314 4.9 1,350 (5.5, 7.0)
Canola 627 5.9 1,630 (5.5, 8.5)
Oats 289 5.0 1,220 (5.5,7.0)
Dry peas 432 3.5 1,280 (6.0, 7.0)
Chickpeas 745 2.7 1,430 (7.0, 8.0)
Dry beans 1215 3.3 1,925 (6.0, 7.5)
Faba beans 375 6.7 1,400 (6.0, 7.2)
Lentils 807 2.2 1,165 (6.0, 8.0)

Notes: Data comes from various sources, including the provincial crop planning guides (Government of Saskatchewan, 2023;
Manitoba Agriculture, 2025), historical data from Statistics Canada, and market outlooks from Agriculture and Agri-Food Canada
(2023). Specifically, farm-gate prices are based on Saskatchewan Crop Insurance 2024. Maximum yield potentials are drawn
from experimental and research data (e.g., Alberta yield optimization studies, Statistics Canada reports, and irrigated crop trials).
Production costs are average total costs per hectare from provincial crop budget estimates (e.g., Saskatchewan 2023 Crop
Planning Guide). Optimal pH range data are extracted from existing literature and supplemented with expert opinion when

empirical values are unavailable.
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Figure 3. Crop Choices over Time
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Note: The top panel represents crop choices in the no liming scenario. The y-axis lists the chosen crop in each period, and the x-
axis is time (in periods). Each dot represents the crop planted in that period, color-coded by crop type (Cereals, Pulses, and
Canola). The bottom panel has the same structure but shows the chosen crops when lime application is chosen by the
representative farmer. Dots in a straight line mean the same crop was planted repeatedly. Dots moving between lines show
changes in crop choice. In the liming panel, more green dots appear, meaning more pulse crops are grown.

Period

Why? As soil pH gradually declines due to natural
acidification, these crops become less profitable. In
response, farmers are nudged toward planting more
acid-tolerant cereals, which are better suited to
suboptimal soil conditions. By contrast, in the liming
scenario, soil pH is maintained (or adjusted) within
optimal ranges. This allows farmers to include a higher
proportion of profitable, pH-sensitive crops such as
pulses in their rotations. The ability to sustain these
crops over time contributes to greater crop diversity and
potentially higher long-term returns.

In Figure 4, we depict the associated profits over time
under the two scenarios. Both lines start near zero and
rise as profits accumulate. Initially, the gap between the
two lines is small, reflecting similar short-term decisions
when pH is not yet a major limiting factor. However, as
time progresses, the cumulative profit for the “with
liming” scenario (blue line) clearly surpasses that of the
“no liming” scenario (red line). This indicates that the
long-term benefits of maintaining optimal soil pH—such
as consistently higher yields and access to more
profitable crops—outweigh the costs of applying lime. In
contrast, the cumulative profit for the “no liming” scenario
levels off or increases at a slower rate over time, which
reflects the suboptimal crop choices resulting from lower
pH levels in later years. By the end of the horizon, the
difference in cumulative profit between the two scenarios
is substantial.

Specialty crops such as faba beans, dry beans, and
lentils tend to offer higher market returns, but they also

have narrower optimal pH ranges. Pulses generally
require a near-neutral to slightly alkaline pH level, ideally
between 6.0 and 7.5 or 8.0. Canola can also be sensitive
if the pH drops too low. When lime is applied, soil pH
remains closer to or within these optimal ranges, helping
to preserve the yield potential of these crops. This
ensures that pulses and canola remain profitable over
the planning horizon. In the “no liming” scenario, as the
pH continues to decline, farmers are more likely to
switch to acid-tolerant crops like barley and oats.

Why is this important? Pulses are important not just for
profit but also for agronomic benefits (e.g., disease
break, nitrogen fixation). Keeping the soil pH in a
healthier range for specialty crops can also have positive
spillovers for soil health and future productivity.

The Adoption Puzzle

If soil liming is profitable in the long run because it allows
sustainable production of high-yield, pH-sensitive
specialty crops, then why is its adoption rate so low?
There are several possible explanations for the low
adoption rate of soil liming in Western Canada. Avoiding
risk, limited cash flow, or simply not knowing enough can
all be factors. Here, we take a closer look at two key
potential explanations: how acidic farmers believe their
soil really is and whether they trust lime to solve the
problem.
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Adjusted-Cumulative Profit

risk.

Figure 4. Adjusted-Cumulative Profits over Time

Period

Note: The x-axis is the time, and the y-axis represents the adjusted-cumulative profit, which tracks the cumulative profit across
periods divided by period-specific standard deviations (measures how spread out the numbers are from the average) to adjust for

Scenario
— No Liming

— With Liming

First, we simulate a scenario where soil acidification is
low and lime works only moderately. That is, a farmer
might perceive or observe that the soil pH does not
deteriorate quickly, and even if lime is applied, its impact
is limited. As shown in the upper panel of Figure 5, the
profit lines for “no liming” and “with liming” stay relatively
close compared to the baseline scenario in the previous
section. This indicates limited economic gains from soil
liming under these conditions. Notably, in the short term,
the red line lies above the blue line, suggesting that “no
liming” can generate higher early-period profits. This
outcome helps explain why some farmers might not
invest in soil liming, since immediate returns appear
more favorable without it. As a result, the overall
incentive to adopt soil liming practices is diminished
compared to the baseline scenario.

In the second scenario, we simulate a situation where
the soil acidifies quickly, but lime does not significantly
offset this effect (see Figure 6). Without liming,
profitability sharply declines after approximately ten
periods, turning negative around the twentieth period. At
this stage, continuing farming becomes economically
unsustainable, and farmers are likely to exit agriculture,
regardless of crop rotation. Thus, even though lentils are
included in the rotation, their presence has little impact
since farming itself is no longer profitable. With liming,
profits remain positive, but their growth is slower
compared to optimal conditions. Nevertheless, liming still
allows the continued production of specialty crops, such
as faba beans and dry beans, though at reduced yields.

In summary, if farmers hold misbeliefs or observe that
soil acidification is slow and that lime exhibits only a
moderate effect, the incentive to adopt soil liming
practices is weak. Conversely, in cases where site-
specific acidification is very high, the adoption of soll
liming becomes critically important, even though liming
alone may not fully restore optimal soil conditions.

Conclusion

Our economic analysis examined how soil liming
influences long-term farm profits and crop rotations. We
find that, without soil liming, natural acidification
gradually pushes farmers to replace pulses with more
acid-tolerant cereals. Liming maintains optimal soil pH,
enabling the continued cultivation of high-value, pH-
sensitive crops such as pulses and canola over the long
run. However, adoption of soil liming practices depends
heavily on local soil conditions and farmers’ perceptions
about acidification and the effectiveness of liming. The
findings point to several important policy steps. First,
extension services should provide clear, accurate
information about soil liming and the natural risks of
acidification. Second, it is important to survey farmers to
find out what misunderstandings exist, especially in
areas where acid soils are a big problem. Third, policies
should promote site-specific soil management strategies
by improving access to affordable soil testing and
decision-support tools. Finally, targeted support is key.
This could include subsidies for lime use, incentives for
soil testing, and local guidelines for soil management.
These actions would help farmers protect their soil, raise
their yields, and better prepare for a changing climate.
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Figure 6. High Acidification and Low Lime Effectiveness
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Sweetpotatoes are classified as a specialty crop under
the USDA classification and are considered a staple
crop in many countries, including the United States.
They are rich in health-promoting compounds such as
beta-carotene, carotenoids, and anthocyanins. These
bioactive compounds have antioxidant, anti-
inflammatory, and immune-boosting properties and may
help reduce oxidative stress, regulate blood glucose,
and lower the risk of chronic diseases (Grace et al.,
2015; Rodriguez-Amaya, 2015; Rodrigues de
Albugquergque, Sampaio, and de Souza, 2019; Mendes-
Silva et al., 2020). Their high nutritional value, low
allergenic potential, and easy digestibility also make
sweetpotatoes a popular ingredient in homemade and
commercial baby foods worldwide.

As the United States is one of the top sweetpotato
producers and exporters in the world, an overview of US
sweetpotato production system—along with an
introduction of available sustainable production practices
and a discussion of the challenges in adoption of such
practices—offers valuable insights for both domestic
growers, prospective farmers, and producers from other
countries. In the following sections, we cover two major
topics: (1) US sweetpotato production processes and
sustainable practices and (2) the major uses of US
sweetpotatoes. Challenges facing growers, particularly
difficulties in adopting sustainable production practices
and the potential decline in domestic consumption, are
discussed in each subsection. The article will conclude
with a discussion of future research aimed at addressing
the challenges facing US sweetpotato growers and
promoting sustainable production practices.

US Sweetpotato Production Process and

Sustainable Practices

From 2000 to 2018, nearly half of the domestically
produced sweetpotatoes in the United States came from
North Carolina (46%), followed by California (22%),
Mississippi (15%), Louisiana (10%), and all other states
combined (7%) (Figure 1). Recognizing North Carolina’s

dominant role in the US sweetpotato industry, to better
introduce standard commercial production practices in
the United States, the authors interviewed the sales and
marketing manager from one of North Carolina’s largest
sweetpotato farms.

In this section, the commercial production processes of
sweetpotatoes will be introduced in order, from sourcing
plant stock to harvesting and curing (Figure 2). Currently
available sustainable production practices will be
introduced, and the challenges growers face in adopting
sustainable practices will also be discussed.

Sourcing Planting Stock, Bedding Seedstock,
and Producing Slips

Sweetpotato production must first begin with sourcing
planting stock. Some producers source planting stock
from storage roots that they have saved on their
operation. Sweetpotato plants are reproduced by
vegetative propagation, a method of asexual
reproduction where new plants grow from parts of a
parent plant, specifically the roots. The fact that
producers can save roots each year to be used for next
year’s seedstock may sometimes introduce issues with
viral and pest infections. Many producers use seed
material from the previous season with little knowledge
of the virus and pest infection status. Throughout
successive generations of plantings, the viral and pest
load will increase, resulting in a decline in yield and an
increase in chemical use.

Producers are encouraged to regularly source and plant
clean, virus-tested plants. However, supply constraints
of clean plants and the increased cost of purchasing new
clean plants lead to many producers delaying the
planting of clean plants until after the optimal time. The
National Clean Plant Network for sweetpotatoes (NCPN-
Sweetpotatoes:
https://www.nationalcleanplantnetwork.org/sweetpotatoe
s) is one entity that researches and promotes the
benefits of clean planting stocks. This network is an
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presented here is based solely on data from 2000 to 2018.

Figure 1. Major Sweetpotato Producing States by Production Volume, 2000-2018
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Source: Authors’ calculation based on data retrieved from USDA National Agricultural Statistics Service (USDA NASS) (2025).
Notes: Production volumes for Louisiana after 2018 are not available in the USDA database; therefore, the production share
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association of clean plant centers, scientists, educators,
state and federal regulators, and others under the
umbrella of the USDA. According to the NCPN,
sweetpotato clean seed programs are currently
established in Arkansas, California, Hawaii, Louisiana,
Mississippi, and North Carolina to educate and assist
sweetpotato growers and support the sustainability of
US sweetpotato seed programs.

Once seedstock is sourced, they are bedded to produce
slips (sprouts that grow from mature sweetpotatoes).
The irrigated, soil-covered beds are topped with
perforated plastic, creating a greenhouse effect that
fosters optimal growing conditions. After approximately
four weeks, once the seed sweetpotatoes have
produced sufficient sprouts, cuttings of the slips are
taken and transplanted. This transplantation process is
highly labor-intensive, as each slip is hand-cut and
manually placed into the transplanter. The transplanted
slips are then cultivated, as they develop into
sweetpotato hills (soil mounds around the sweetpotato
plants).

Growth Stage: Weed and Insect Management
During the growth stage, producers face many costly
and labor-intensive activities, including weed and insect
management. The current most popular cultivars in the

United States, ‘Beauregard’ and ‘Covington,’ are both
highly susceptible to weed interference (Meyers and
Shankle, 2015). Current conventional weed
management practices involve a combination of
herbicides, hand-weeding, and cultivation. Hand-
weeding is environmentally friendly but perhaps the
costliest weed management practice. The estimated cost
of hand-weeding is $510 per acre in the southeastern
United States (George et al., 2024). Hand-weeding is
required when sweetpotato vines cover the row, limiting
the use of tractors for spraying. Most organic producers
need to hand-weed because they are more susceptible
to the impacts of weed management issues due to their
inability to use synthetic herbicides and lack of organic
alternatives.

Laying black plastic mulch is another common
preplanting soil preparation practice in commercial
agriculture production to reduce weed pressure for
vegetables, and it has been commonly adopted by
sweetpotato growers (Adebizi, Adekiya, and Ojeniyi,
2016; Sapakhova et al., 2024). Black plastic mulch
prevents sunlight, which is required for weed
germination, from reaching the soil surface. The soil
heating effect can inhibit weed seed germination or even
thermally kill shallow weed seeds. The plastic mulch also
works as a physical barrier that prevents weed
emergence (Amare and Desta, 2021).
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Growing cover crops is also encouraged for weed
suppression and considered to be a sustainable
practice. Cover crops are noncash crops grown primarily
between the periods of regular crop production. More
sweetpotato growers are now adopting cover crops
during winter, and common cover crops include
legumes, grasses, and brassicas. Cover crops are fast-
growing and can outcompete weeds for light, water, and
nutrients, and ultimately achieve the goal of weed
control. Besides weed suppression, cover crops can
increase soil organic matter, enhance soil structure, and
prevent soil erosion (Koudahe, Allen, and Djaman, 2022;
Quintarelli et al., 2022)

Insecticide treatment costs are another significant
financial burden on sweetpotato producers. Sweetpotato
production faces numerous pest challenges, with the
primary pests being wireworms and sweetpotato
weevils. While some cultivars are resistant to wireworms
and foliar insects, they lack the desirable agronomic
characteristics of the ‘Beauregard’ and ‘Covington’
cultivars (George et al., 2024). Sweetpotato weevils are
another major pest that has led to the decline of
sweetpotato production. Pheromone traps with male
annihilation and sterile insect techniques have been
shown to effectively monitor and control the weevil
population and can potentially lead to less dependence
on commercially available insecticides (George et al.,
2024).

Growth Stage: Virus and Nematode Control
Plant disease is another key challenge in sweetpotato
production, with viruses and plant-parasitic nematodes
being the most pressing issues. Over 30 viruses have
been identified in sweetpotatoes, often in mixed
infections, which complicates the diagnosis and control
of virus infections (Loebenstein and Thottappilly, 2009).
Depending on the type of virus, symptoms could include

yield loss, reduced root quality, plant stunting, and more.
The management task is challenging since no chemical
control exists for plant viruses. Although some resistant
varieties exist, they are strain specific. Virus complexes
can cause synergistic effects, which would lead to
greater yield damage than an individual virus (Valverde,
Clark, and Valkonen, 2007). The most effective and
environmentally sustainable way to control sweetpotato
virus is to use virus-free planting materials. These
healthy plants are also more resilient to insect and pest
threats, which reduces the need for intensive chemical
treatments. However, many producers have difficulties
purchasing new, clean plants due to financial
constraints.

Plant-parasitic nematode is another major threat in
sweetpotato production. Several species of
nematodes—including root-knot nematode (Meloidogyne
spp.), lesion nematode (Pratylenchus spp), and reniform
nematode (Rotylenchulus reniformis)—are commonly
seen in sweetpotato production areas. In recent years,
the guava root-knot nematode (Meloidogyne enterolobii)
has posed a serious and emerging threat to the
sweetpotato industry, particularly in North Carolina (Liu,
Grabau, and Desaeger, 2022). Guava root-knot
nematode is highly aggressive and can overcome the
resistance gene that has been developed against other
root-knot nematode species. Some fields have reported
30%—-60% yield loss due to this nematode.

Currently, only a few plant-parasitic nematode
management strategies are available for sweetpotato
growers, including chemical application, crop rotation,
and resistant cultivars (Liu and Grabau, 2022). For
chemical application, both fumigant and nonfumigant
nematicides are available for sweetpotato growers.
Fumigant nematicides are an effective but not
environmentally friendly solution. Compared to
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Figure 3. Uses of Sweetpotatoes in the United States
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nonfumigant nematicides, fumigations can cause greater
harm to long-term soil health and pose a higher risk of
more serious water contamination and air pollution in the
surrounding areas. The operational safety concerns of
fumigant nematicide applications also raise concerns
among some growers. Nonfumigant nematicides are
usually recognized as the more sustainable among the
chemical application options (Liu and Grabau, 2022).

For weed management and plant disease control, crop
rotation is often recommended as a sustainable solution.
However, for nematode management, the effectiveness
of crop rotation is highly dependent on the specific
nematode species. Growers are strongly encouraged to
submit samples for nematode assay if they suspect their
field is infested with plant-parasitic nematodes. Plant-
parasitic nematodes can persist in the soil for a long
time. Although crop rotation can significantly reduce
nematode populations, nematode abundance can
quickly resurge after a susceptible host is reintroduced
into the field (Castagnone-Sereno et al., 2013). In
particular for sweetpotatoes, most nematode species
have a wide host range, making it challenging for
growers to find a suitable rotational crop that is a
nonhost or poor host for nematodes.

Resistant cultivar is another potential sustainable
solution, however, currently, there are resistant cultivars
available only against southern root-knot nematode
(Meloidogyne incognita). Some common sweetpotato
cultivars, such as ‘Covington,’ integrate moderate
resistance to the endemic root-knot nematode species
and can help suppress nematode populations. However,
these same cultivars are highly susceptible to guava

root-knot nematode (Meloidogyne enterolobii) (Rutter et
al., 2021). The absence of sweetpotato cultivars with
resistance to multiple common nematodes limits the
effectiveness of resistant varieties in commercial
production.

Harvesting and Curing

Once the sweetpotatoes reach maturity, they are plowed
using a sweetpotato plow, which lifts them to the
surface, allowing sweepotatoes to be handpicked.
Harvest typically occurs between September and
November in North Carolina. Hand harvesting is
essential when harvesting fresh market sweetpotatoes
due to their delicate skin; mechanical harvesting could
cause scratches and bruises, which can negatively
impact their appearance, quality, and shelf life.

After harvesting, the sweetpotatoes are placed into
wooden bins and transported to a storage facility, where
they are tagged with the field name and harvest date for
traceability. This is also where the curing process
begins. Curing involves increasing heat and humidity in
the storage room, causing the sweetpotatoes to “sweat.”
This process converts starches into sugars and
enhances their sweetness and shelf life. Properly cured
sweetpotatoes can be stored for up to 12 months,
allowing packing and shipping to occur throughout the
year.

Cured sweetpotatoes are retrieved from storage and
packed according to size. They are then stored in a
temperature- and humidity-controlled room before being
distributed. Internationally, US sweetpotato growers
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export their produce to wholesalers in destination
countries. These imported sweetpotatoes are then
supplied to grocery stores, food markets, and
restaurants, ultimately reaching consumers.
Domestically, wholesalers purchase sweetpotatoes from
growers and resell and distribute them to grocery stores,
food markets, and restaurants before they reach
consumers, while a smaller portion is sold directly from
growers to retailers.

Uses of US Sweetpotatoes

Figure 3 illustrates the major uses of sweetpotatoes in
the United States from 2000 to 2022, measured in
millions of pounds. The data are categorized into four
groups: domestic food availability (orange), exports
(blue), feed use and loss (green), and seed use (brown).
Domestic food use remained the largest usage category,
despite its share among all uses declining from 85% in
2000 to 69% in 2022. Exports have risen significantly,
increasing from 3% of total use in 2000 to 21% in 2022,
making them the second-largest category. Feed, loss,
and seed use stayed relatively stable, together
accounting for about 5% of total usage throughout the
period.

Domestic Food Availability

Figure 4 shows the per capita availability of
sweetpotatoes in the United States from 2000 to 2022.
The orange line represents sweetpotato availability.
Some people may interpret the per capita food
availability reported by the USDA ERS as per capita
food consumption, but this is not entirely accurate. The

main reason is that food availability has not been fully
adjusted for losses, spoilage, or waste. Nonetheless, per
capita food availability can still serve as a useful proxy or
an approximate indicator of food consumption,
particularly when trends are the primary focus of our
discussion here. Availability follows a general upward
trend, with notable increases after 2008, peaking in
2017. Following the peak, there was a sharp decline in
availability in 2018, caused by Hurricane Florence, which
struck sweetpotato growing regions in North Carolina,
the top sweetpotato producing state, in September (Parr,
2019). This event led to the largest single-year drop in
sweetpotato availability in the United States since the
1960s. By 2019, availability had recovered to the 2016
level. However, it began to decline steadily in
subsequent years, potentially due to the decrease of
sweetpotato acreages across the United States; a 16%
decrease from 168,100 acres in 2016 to 141,000 acres
in 2022 (Figure 4). From our communication with
sweetpotato growers, some express that the significant
increases in input costs over the past few years are the
top reasons for them to cut down on acreage on
sweetpotatoes.

On the other hand, the consecutive years (2019-2022)
of decreased domestic availability may signal a potential
declining trend in sweetpotato consumption. To
encounter this potential shift, the sweetpotato industry
has been exploring the potential for value-added
products, new product lines, and additional revenue
streams. For example, sweetpotato fries are the most
popular value-added product made from sweetpotatoes.

However, currently available sweetpotato varieties lack a

Figure 4. Sweetpotato per Capita Availability and Acreage Planted in the United States, 2000-2022
8 180
= 160 5
R <
36 140 ©
e &
=5 120 §
= 100 £
g4 <
£3 8
< 60 <
S 2 o
= 40 ‘(3]-)
0! 2 g
g0 0 2
NI I R R M M A
Acerage Planted Retail Level Per Capita Availability
Source: USDA Economic Research Service (USDA ERS) (2024).
Choices Magazine 45

A publication of the Agricultural & Applied Economics Association



crispy exterior and require batter (Allan et al., 2021,
George et al., 2024). Further research is needed to
identify the sweetpotato attributes that improve the
texture of fried sweetpotatoes. Another potential avenue
for the US sweetpotato industry is purple sweetpotatoes,
which are currently a niche market in the United States.
There is a need for further research on cultivars with
traits that the US population finds favorable. Last,
another important ongoing objective of the sweetpotato
industry is to find a use for “canners.” Canners are the
lowest grade of sweetpotato; they are often are
abandoned in the field due to their low value and the
high cost of harvesting. Canners are still perfectly
suitable for consumption, but their smaller, irregular size
makes them undesirable to wholesalers. The creation of
further value-added opportunities would increase the
marketability of lower-grade sweetpotatoes and
ultimately improve overall farm profitability. As one
example of a solution, Mississippi State University has
introduced sweetpotato dog treats to help drive a market
for canners.

Exports

Exports have grown substantially over the past 2
decades. In 2000, export was the smallest category
among the uses of US sweetpotatoes, accounting for
only 3% of total usage; by 2022, this percentage had
reached 21%, making exports the second-largest
category. Export volume increased 1500% from less

than 40 million pounds in 2000 to around 600 million
pounds in recent years, suggesting a rapidly growing
international demand for US sweetpotatoes, mainly from
Canada and European markets.

Canada, the United Kingdom, and the Netherlands are
the top three export destinations for US sweetpotatoes,
collectively accounting for over 90% of total exports in
2022 (Figure 5). In the early 2000s, more than 90% of
US sweetpotato exports were destined for Canada. Over
the past 2 decades, while export volume to Canada has
steadily increased, shipments to the Netherlands and the
United Kingdom have grown at a much faster rate. As a
result, although Canada remains the largest export
destination, its share of total US sweetpotato exports
declined significantly, to 35% in 2022. It is also worth
noting that the Netherlands is the major import hub for
overseas agricultural goods in Europe; a large proportion
of its imported agricultural commodities, including US
sweetpotatoes, are re-exported and shipped to other
European countries. This explains why the Netherlands,
despite having a population of only 18 million, imports
more sweetpotatoes than the United Kingdom, which
has a population of nearly 70 million.

Feed and Seed Uses

Feed and seed uses are the two smallest categories and
showed minimal fluctuations over the years. Their share
of total usage remained fairly consistent at around 5%
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throughout the period. For feed use, sweetpotatoes are
a cost-effective energy source for cattle, fish, pigs, and
poultry diets (Thibodeau, Poore, and Rogers, 2002;
Villano et al., 2016). They are high in moisture, starch,
and carbohydrates but low in fat, protein, and essential
minerals, so additional nutrients must be supplemented
when including sweetpotatoes in animal feed. Fresh
sweetpotatoes can replace a portion of the traditional
grain fed, and even processing waste can be ensiled for
cattle feed by mixing with dry grass hay or corn silage.
When properly incorporated, feeding trials have shown
that sweetpotatoes can support weight gains
comparable to those achieved with traditional diets
(Agwunobi, 1999; Thibodeau, Poore, and Rogers, 2002).

A small portion (2%—-3%) of the overall sweetpotato crop
is specifically grown by certified seed distributors for
seed use, ensuring clean and reliable planting. Using
disease-free sweetpotatoes as seed potatoes minimizes
the risks of yield losses and disease outbreaks,
benefiting both individual growers and the entire
sweetpotato industry. These clean seeds are vital for
safeguarding the health of US sweetpotatoes and their
growing environments, reducing chemical use
throughout the production process, and supporting the
overall sustainability of the sweetpotato industry in the
United States.

Concluding Remarks

This article presents the standard commercial production
processes for sweetpotatoes based on interviews with
the sales manager of one of the largest sweetpotato
farms in North Carolina. It also introduces sustainable
production practice options available at each stage of
the production cycle. Each stage offers opportunities to
enhance the sustainability of sweetpotato farming but
also presents unique challenges for growers. During the
planting stage, securing clean, virus-free planting stock
is critical for long-term yield and environmental
sustainability. These healthy plants are not only virus-
free but also more resilient to insect and pest threats,

which reduces the usage of chemical treatments.
However, widespread adoption of clean seed programs
is hindered by high costs and limited supply. In the
growth stage, weed, insect, virus, and nematode
management remain major challenges. Sustainable
practices such as hand-weeding, cover cropping, crop
rotation, and using resistant cultivars can be promising
and effective when dealing with certain pests and
diseases. Unfortunately, there is no one silver-bullet
solution that can address all threats, and adopting these
sustainable practices often involves trade-offs related to
cost and labor. At harvest, handpicking remains
standard to preserve root quality, while curing extends
shelf life and supports year-round market access.

In terms of market distribution, domestic food
consumption continues to be the primary use of US
sweetpotatoes, though its share has slightly declined in
recent years. Exports have grown significantly and now
account for over one-fifth of total usage, driven by
increasing demand in Canada and Europe. Meanwhile,
value-added products such as sweetpotato fries and dog
treats made from lower-grade canners offer
opportunities to boost farm profitability and reduce crop
waste. Although seed use represents a smaller share of
total usage, it plays a critical role in supporting the
sustainability of clean sweetpotato seed programs in the
United States.

Expanding the US sweetpotato industry and promoting
sustainable production practices will require ongoing
innovation, particularly in the areas of pest and disease
management. Continued research into disease-resistant
cultivars, cover crops, and nonfumigant pest control
methods can enhance both the effectiveness and
accessibility of sustainable practices and eventually
increase growers’ willingness to adopt them. On the
marketing side, evaluating the potential of advertising
“sustainably produced” as a value-added product
attribute in sweetpotato products can be a promising
direction for future consumer research.
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