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Cropping system diversification is widely promoted to address global challenges. However, its
economic performance compared to high-yielding monoculture represents a major knowledge gap.
Using a combination of grower focus groups and Monte Carlo simulations, this research assessed the
required changes in farm management and profitability of transitioning from continuous rice (Oryza
sativa L.) to tomato (Solanum lycopersicum L.), sunflower (Helianthus annuus L.), beans (Phaseolus
vulgaris L.), and safflower (Carthamus tinctorius L.) in California. Long-term outcomes of rotation
scenarios were explored to provide insights into economic barriers to adoption, including rice rotated
with sunflower and tomato and rice rotated with safflower and beans. Two additional scenarios
reflected agronomic benefits of rotation and potential for climate risk adaptation. This research
provides evidence that crop diversification can increase profitability over the long-term. Yet to achieve
this goal, policies and incentives are required to overcome barriers such as additional investment, risk,

labor, opportunity costs, and market access.

Rice (Oryza sativa L.) provides food for over 50% of the world’s population
while conserving wetland ecosystems'. Globally, flooded rice systems have
shown the potential to maintain high yields with continuous cropping over
long periods of time, unlike monocropping in non-flooded soils which can
lower yields, degrade soils, and contribute to environmental pollution'”.
However, there are several global pressures forcing rice systems to diversify
including pest management, climate change and water scarcity, labor
demand shifts, and increasing agricultural costs of production3 “* In reaction,
research has focused on the implications of crop diversification in rice
systems across multiple sustainability lenses’. Crop diversification with
rice is defined here as rotating flooded rice with non-flooded upland cash
crops, which provides several agronomic benefits such as reduced pest
pressure, improved soil health indicators, and increased crop yield*"’. While
each of these factors may increase profitability over time through a com-
bination of reduced costs or increased revenue, the economic impacts of
crop diversification remain a major knowledge gap'’.

Cost-benefit analyses provide insights to help farmers make financial
investments, assess risks of adopting new technologies, or quantify under
what circumstances new management practices may be profitable' ™.
Furthermore, cost-benefit analyses are important to better understand
barriers to adoption by assessing how different factors impact the costs of
production as well as crop yields and revenue, both of which drive

profitability'*'”. Switching between flooded rice to a non-flooded crop
introduces additional investment, labor, and financial uncertainty for sev-
eral reasons”'. Rotation crops can produce higher returns, but may require
higher costs for new equipment, land preparation, and irrigation infra-
structure which may not necessarily lead to increased profits. In contrast,
other crops may decrease revenue but save on production costs, increasing
net gains.

Current research on the economic impact of crop rotations in rice
systems is sparse'”’. Some studies have taken place in tropical and sub-
tropical climates, where an upland crop is planted in the fallow season or
takes the place of the shorter season, secondary rice crop™™. In temperate
regions of the United States, rice is grown as a summer crop with the
primary production occurring in Arkansas, Louisiana, Texas, and Cali-
fornia. Research on crop rotations with rice in the United States often comes
from a pest management perspective, such as the infestation of weedy (red)
rice, or concerning the impact rice has on the non-flooded crop'®". Less
research has assessed the economic impacts of replacing summer rice with
an alternative row crop, meaning less years of rice in the overall rotation.
Investigating the level of farm management changes required to switch from
continuous rice to a rice-based rotation including several years of rice fol-
lowed by several years of a non-flooded summer crop is critical to under-
stand long-term financial viability.
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Often economic studies in agriculture assess a single outcome without
exploring how profits may change over time®****". The sequence of different
crops grown in rotation over the long-term can be modeled using Net
Present Value (NPV) to determine risk and profitability of different rotation
scenarios™”’. While additional costs can act as a disincentive, over time crop
diversification can increase economic resilience and profit due to agronomic
benefits such as higher yields'*"”. However, many cost-benefit studies focus
on indirect benefits such as input savings from increased soil nutrients, yet
rarely do they quantify indirect costs related to farmers needing to gain
knowledge and skills or build relationships to access markets***.

In the absence of experience, farmers need to sacrifice time spent
learning a new system, rather than spending that time generating income
elsewhere'>***, This indirect cost is known as the opportunity cost”’. Here,
the opportunity cost of these events is linked to the value farmers place on
their own time, thus considering these costs can help identify additional
barriers to adopting a new system. Traditional cost-benefit studies also fail to
consider financial uncertainty due to variability in crop yield, operational
costs on farms including irrigation and input requirements, and crop price.
Sensitivity analysis can help illustrate the relative importance of different
assumptions but cannot quantify the likelihood of outcomes due to eco-
nomic uncertainty”. In contrast, probabilistic economic analysis, such as
Monte Carlo simulations, can be a way to assess the risk of financial deci-
sions by providing a distribution of possible outcomes based on many
changing variables™***.

California produces rice on approximately 212,000 ha annually®,
roughly 95% of which is grown in the Sacramento Valley"'. California rice
landscapes are dominated by continuous rice planted each summer,
requiring over 1500 mm for flood irrigation, followed by a flood or dry
fallow in the winter months™. Less than 10% of rice lands are under some
form of crop rotation™*. Recent challenges relating to water scarcity, her-
bicide resistance, and increasing input prices are threatening profitability by
reducing planted area, crop yields, and increasing the costs of production™.
As an example, annual rice acreage has declined by 15-50% in recent years,
mostly due to reductions in surface water availability”’. During 2022, the
extent of fallowed rice fields corresponded to a revenue loss of about $500
million, much of which was covered by crop insurance”. Recent interviews
with farmers suggest that rotations can increase profitability by diversifying
the portfolio of crops grown, while decreasing input costs in rice for weed
control and increasing rice yields™. However, other farmers questioned the
feasibility of rotations due to high clay soils and lack of equipment and
markets.

In this study we assessed the economic performance and required
changes in management for crop diversification in flooded rice systems.
Crop rotation scenarios represented (i) high costs and revenue (rice -
sunflower - tomato) and (ii) low costs and revenue (rice - safflower - beans),
as compared with continuous rice. Furthermore, we included two scenarios
that incorporated agronomic benefits of rotations and the ability to adapt to
climate risks such as increasing water scarcity, considering recent trends
where rice acreage has substantially decreased in drought years. The
objectives were to determine: (1) costs of production, revenue, and profit
ranges of individual crops compared to rice, (2) long-term profitability of

crop rotations based on probabilistic Monte Carlo simulations, and (3)
explore how rotation scenarios reflecting increasing water scarcity (repre-
sented in the form of fallowing events in continuous rice) and farmer-
reported agronomic benefits of rotation such as input savings and increased
rice yields influenced profitability and risk. We hypothesized that additional
costs for rotational crops such as equipment, labor, irrigation investments,
and opportunity costs combined with a likelihood for low revenue will
negatively affect profit outcomes for rotational crops on an annual basis, but
that rotations can be more profitable than continuous rice in the long-term
when accounting for rotational benefits and water scarcity.

Results

Required changes in management

The baseline system is continuous rice which is broadcast seeded with flood
irrigation. Fields are leveled with a triplane and seed is flown on by airplane
into standing water. After rice harvest, straw is incorporated into soil and a
shallow flood is maintained over winter to promote decomposition and
provide wildlife habitat. Growers deliver rice to a local elevator, so no
marketing is required, allowing flexibility in rice acreage and yield levels for a
given farm. All rotational crops are row crops grown on raised beds, thus
focus groups reported that the biggest changes in management are related to
land preparation, irrigation systems, and labor. When moving into a rota-
tional crop following a previous rice crop, additional straw chopping and
discing are required after rice harvest to minimize residues, and a winter
flood is not usually done. Additional tractor work and labor are required in
spring to remove levees, perform extra tillage to create a finer seedbed, and
prepare beds with listing and shaping operations. Planting costs are often
contracted out, increasing labor costs but decreasing equipment costs. For
tomato, sunflower, and beans, contract labor is required for in-season weed
control (manual hoeing). Furrow irrigation is used for safflower and beans,
and sub-surface drip irrigation is used for tomato and sunflower. Despite
lower water inputs compared to rice, furrow and drip irrigation systems
have additional labor and investment costs. All four crops have opportunity
costs related to the time it takes farmers to learn the new system and find
new markets.

Relative production costs

Tomato had more than double the total production costs compared to rice,
regardless of whether capital costs, opportunity costs, investment and
transition costs were included (Tables 1-3, Fig. 2). Meanwhile, sunflower
and beans reduced normal production costs by 14-19%, whereas safflower
reduced costs by 57% (Tables 1 and 2). Opportunity costs and labor costs
were highest for tomato and sunflower, and seed costs and rent were highest
for tomatoes. Yet, because tomato and sunflower had higher total costs, the
relative impact of these categories in annual crop budgets was diminished.
For rice, the largest costs were land rent and inputs which consisted of 27
and 22% of total costs, respectively (Fig. 1, Table 1). Rice irrigation was only
7% of total costs. Rice equipment costs were 12%, while labor costs were only
9% and transitional costs 4% of total costs. Tomato was the only crop with
higher input costs compared to rice, although inputs comprised a smaller
fraction of total costs for tomato (18%). Input costs were lower for all other

Table 1 | Mean values for all cost categories USD ha ' for each crop, including year-1 costs and switching in/out of rice

(Transition)
Type Opportunity Seed Transition Equipment Cultural Inputs Harvest Irrigation Irrigation Drip Office Rent
Cost Labor Capital Line Expense
Tomato 829 1348 - 351 665 1584 873 901 292 293 45 1700
Sunflower 804 - - 357 508 852 113 458 292 292 45 685
Safflower 246 75 - 342 166 228 92 406 - - 45 222
Beans 563 199 - 342 451 427 396 769 - - 45 434
Rice - 143 182 534 286 1080 291 318 293 - 125 1188
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Table 2 | Minimum, maximum, and average costs, revenue, and profits for five crops without opportunity cost, capital costs, or

costs for switching out of rice (considered operational costs)

Costs Profit Revenue
Crop Min Max Mean Min Max Mean Min Max Mean
Tomato 6842 9153 7476 —595 5633 2114 7634 13079 9590
Beans 2532 3423 2996 —550 1741 256 2570 4759 3253
Rice 4232 4232 4232 —2358 2904 252 1874 7136 4485
Sunflower 2667 3629 3011 —644 2184 863 2581 5193 3874
Safflower 1220 1823 1574 —653 318 -256 1071 1712 1318
All units in USD ha .
9000 Annual profitability with and without capital costs, opportunity
costs and costs for transitioning in and out of rice
8000 Average rice profits, revenue, and costs came to $252 ha™', $4491 ha™', and
$4485 ha™', respectively (Fig. 2A, Table 2). The Monte Carlo distribution
7000 suggested that roughly half the time (quartile ranges) profits for rice
ranged between $-61 ha” and $246 ha™', depending on the combination
6000 of costs, yield, and rice price, with revenue ranging between $4171 ha™
and $4478 ha” (Supplementary Table 11). When ranking the profit of
" 5000 Category rotational crops compared to rice (without investment costs), the order
a Opportunity Cost of most profitable to least profitable was tomato > sunflower > rice >
B 4000 ?;iimon beans > safflower (Fig. 2). Excluding capital costs and opportunity costs,
Equipment profits for tomato averaged $2,114 ha" with a quartile range between
3000 Labor $1350 ha™ and $1962ha™ (Fig. 2, Table 1). Sunflower profit came to
Inputs $863 ha with a quartile range between $558 ha” and $862 ha™'. Average
2000 Harvest profits for beans and safflower were $256 ha™* and $-256 ha™ respectively,
E:ﬁ‘:“;: orcos with quartile ranges between $-38 ha” and $188 ha™ for beans, and $-364
1000 Rent P ha' and $-263 ha'' for Safflower (Fig. 2A, Table 2).
Drip When adding investment costs, which included capital costs, oppor-
0 System tunity costs, and transitional costs for switching from rice to a rotation crop

Sunflower Beans Safflower
Crop

Tomato Rice

Fig. 1 | Breakdown of costs by each crop during transition years. Cost breakdowns
include investment and opportunity costs, indicated as Drip Tape, Irrigation System
and Opportunity cost.

crops and comprised a lower fraction of total costs (19, 12, and 13% for
sunflower, beans, and safflower, respectively). Similarly, tomatoes were the
only crop with higher rent compared to rice. For all other crops, rent was
lower than rice and a smaller fraction of total costs. Irrigation costs for
tomato and sunflowers were 10% but increased to 21-22% of total costs for
beans and safflower.

The total investment for an irrigation system is estimated at
$4375ha™', including the pump filter main line, and installment and
material (Supplementary Table 10). Drip line total investment is
estimated at $875 ha™!, or $290 ha™! for each year. For tomatoes, the
irrigation system and drip line were only 3% of total costs each year.
Sunflower also shared the costs for the irrigation system and drip
line, which represented 7% of total costs (Table 1). Equipment costs
were less for all crops compared to rice, due to the assumption of
contracting out field operations for rotation crops if rice equipment
could not be repurposed for the job. Equipment costs for sunflower
and tomatoes were 8 and 4% of total costs, respectively. For both
beans and safflower, equipment represented 9 and 19% of total costs,
respectively (Table 1). Compared to rice, labor costs were higher for
tomatoes, sunflower, and beans. At the same time, sunflowers in
California are grown for seed and marketed through contracts with
seed companies, who often will be responsible for sharing certain
labor costs™. Labor for safflower was the lowest at only $166 ha™ or
9% of total costs. Finally, opportunity cost was 18% for sunflower,
16% for beans, 14% for safflower, and 9% for tomato (Table 1).

and vice versa, results changed substantially, with only rice and tomato
remaining profitable. Profit for rice decreased to $100 ha™ with roughly half
of simulations falling between $322 ha" and $9 ha (Supplementary Table
7). The order of most profitable crops also changed, with tomato > rice >
beans > safflower > sunflower (Fig. 2B). Sunflower was impacted the most by
extra costs, reducing average profit to $-532 ha (quartile range between
$879 ha' and $537 ha™') (Supplementary Table 7). For sunflowers, the extra
$1,402 ha™ in investment costs increased total costs to $4413 ha™. Tomato
profit dropped to $793 ha™ (quartile ranges between $14 ha™ and $662 ha™)
with costs increasing by $1370 ha™* (Table 3). Profit for beans came to $ -286
ha' (quartile ranges $-581 ha” and $-351 ha™) with costs increasing by
$562 ha™. Safflower average profit came to $-506 ha™* (range $-632 ha™* and
$-518 ha™) with costs increasing by $250 ha™. The negative profits fre-
quently observed for safflower and beans without extra costs, and safflower,
beans, and sunflower with extra costs are driven by irrigation (water and
labor) for all rotation crops and high labor for sunflower and beans. These
cost components, combined with lower revenue than rice, especially saf-
flower and beans (Table 1, Fig. 2), influence the likelihood of experiencing
negative profit.

Long-term profitability of rotation scenarios
First, discounted annual net returns (DANR) for RRR (continuous rice) was
compared to RSTT (sunflower and tomato rotation without benefits) and
RSBB (safflower and beans without benefits) over 15 years (Fig. 3). With
consistent profits each year for rice, DANR for RRR was stable and positive
over the 15-year period. In contrast, RSTT showed a substantial drop in
DANR due to investment in sub-surface drip irrigation and opportunity costs
during year 2 ($ -5062 ha™) (Fig. 3). Similarly, DANR in RSBB decreased until
year 4 due to opportunity costs for safflower and beans, and then again during
years 8-10 during the second cycle of rotational crops (Fig. 3).

The cumulative NPV for RRR was $3561 ha™' over 15 years (Fig. 4A,
Supplementary Table 13). In RSTT, both tomato and sunflower had higher
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Fig. 2 | Estimated cost, revenue, and profit for each crop with and without
extra costs. A, B All costs and profits are represented as a normal year without extra
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Fig. 3 | Discounted annual net returns (DANR) over 15 years. DANR shown for all
three rotation scenarios: continuous rice (RRR), rice, safflower, and beans (RSBB),
and rice, sunflower, and tomato (RSTT).

Table 3 | Minimum, maximum, and average costs and profits
for five crops with opportunity costs, capital costs, and costs
for switching out of rice

Costs Profit
Crop Min Max Mean Min Max Mean
Tomato 7942 10377 8846 —1561 5855 793
Beans 3022 3990 3558 —2663 1274 —286
Rice 4343 4517 4433 —1596 2445 100
Sunflower 3603 5335 4413 —2290 1122 —532
Safflower 1464 2202 1824 —1009 50 —506

All units in USD ha™".

profits than rice, and therefore this rotation became $170 ha™ more prof-
itable than RRR after two rotation cycles, leading to a cumulative NPV of
$3731 ha! (Fig. 4A). However, due to high investment costs, the break-even
point for profitability with RSTT was not achieved until year 12 (Fig. 4A). In
RSBB, although beans were as profitable as rice in individual years (Fig. 2A),
safflower generated a loss of $-256 ha™ each year it was grown, or $-500 ha™
when accounting for opportunity costs (Table 2). Therefore, the combina-
tion of added opportunity costs in years 2-4 for RSBB (Fig. 3) and economic
losses with safflower decreased its cumulative NPV by more than half
compared to continuous rice ($1643ha”) (Fig. 4A, Supplementary
Table 13).

When two years of fallowing was introduced into continuous rice
(RRF) to account for climate risks causing water shortages (Fig. 4B),
cumulative NPV decreased to $2995ha’ (Supplementary Table 13),
representing a loss of $566 ha™* over 15 years compared to RRR. With the
added two years of fallowing in the baseline continuous rice system, RSTT
became as or more profitable than RRF by year 11, but RSBB still remained
less profitable.

When the anticipated agronomic benefits of crop rotation (10%
increase in rice yields in the first two years returning to rice along with a 50%
decrease in herbicide inputs) were incorporated into scenarios, both crop
rotations (RSTT-benefit and RSBB-benefit) became more profitable than
RRR over 15 years (Fig. 4C). The cumulative NPV of RSTT-benefit
increased to $5984 ha' by year 15 (Supplementary Table 13), exceeding
RRR by $2423 ha'', with the break-even point for profitability achieved in
year 10. Meanwhile, RSBB-benefit had a cumulative NPV of $3970 ha™
(Supplementary Table 13), exceeding RRR by about $400 ha™', with higher
profits achieved between years 12 and 13. When the combined benefits of
rotation for higher crop productivity and climate risk mitigation were

included (Fig. 4D), both rotations further increased cumulative NPV while
decreasing the break-even point for profitability compared to RRF. For
RSTT-benefit, cumulative NPV was $2,989 ha™! greater than RRF with
higher profitability achieved between years 9 and 10. For RSBB-benefit,
cumulative NPV was $975 ha™ greater than RRF with higher profitability
achieved between years 6 and 7.

Risk assessment compared to continuous rice

Cumulative probability distributions provided evidence that 50% of the time
NPV was at or above $3561 ha™* and $2995 ha™* for RRR and RRF, respec-
tively (Fig. 5) after 15 years. The likelihood of being at or above these
thresholds differed for the other rotation scenarios. Based on the Monte
Carlo simulations, there was a 15% likelihood for RSBB to produce a NPV
above RRF and about a 10% likelihood for it to produce a NPV above RRR.
In contrast, RSTT showed a 65% chance of being more profitable than RRF
and a 55% chance of being more profitable than RRR. When including the
agronomic and climate risk mitigation benefits of rotation, the probability of
RSBB-benefit having a higher NPV was 80-85% compared to RRF and 70%
compared to RRR. Similarly, the probability of RSTT-benefit having a
higher NPV was 95% compared to RRF and 90% compared to RRR.

Discussion

There is great interest in diversifying monoculture grain production systems
to decrease environmental footprint, respond to climate change, and
enhance economic opportunities for farmers**"”. Our results provide a
better understanding of the major changes in management and associated
costs, as well as revenue and profitability ranges, for switching from con-
tinuous flooded rice to tomato, sunflower, safflower, and beans to explore
options for rice-based rotations in California. Rice on its own had relatively
high costs of production, but also higher revenue compared to the other
crops except tomato, leading to stable profits (Table 2). Most farmers in this
region specialize in continuous rice, meaning land preparation and crop
management remain relatively similar year-to-year across large-scale
operations, helping achieve economies of scale which is a major feature of
simplified agricultural landscapes”. Approximately 1100 rice farms gen-
erate over $500 million of annual farmgate revenue, but larger farms over
200 ha™ in size account for 72% of total harvested area and rice sales despite
representing only 37% of farming operations™.

This research demonstrates that negative profits (relative to rice) are
influenced by both revenue as well as cost savings, depending on the crop.
While tomatoes had the highest costs of production, particularly with
inputs, rent and custom seedling propagation (seed) (Fig. 1), they are still
more profitable than rice on an annual basis (Fig. 2A, Table 2), suggesting
the influence of high revenue outweighs any potential impact of costs.
However, sunflower and beans show the highest sensitivity to fluctuation
between being profitable and unprofitable when accounting for changes in
costs (i.e.,, comparing outcomes for Tables 2 and 3). When adding in extra
costs such as opportunity costs and capital costs, sunflower, originally 3.4
times more profitable than rice in Table 2, shifts to $-532 ha™ in Table 3.
Similarly, beans have the potential to become similar or more profitable than
rice due to additional cost savings in the categories of irrigation or oppor-
tunity costs (Fig. 1, Table 1), however negative profits of $-286 ha™ are likely
to occur when capital and opportunity costs are included (Table 3).
Therefore, for crop diversification to provide additional economic benefits
in this context, switching from continuous rice to a non-flooded crop must
either substantially decrease costs of production or increase revenues,
especially considering the additional management and equipment
requirements and the extra time needed to learn how to grow and market a
new crop.

We hypothesized that higher financial requirements for equipment,
labor, irrigation investments, and opportunity cost would impact profit-
ability outcomes of rotational crops. Across 11 studies, He et al."” reported
that agricultural diversification in rice systems increased both production
costs and revenue by about 30%, leading to no changes in overall cost-
benefit ratio. Our results were more complex, indicating the economic
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Fig. 4 | Cumulative NPV comparing different rotation scenarios. A continuous rice (RRR), rice safflower bean (RSBB), and rice sunflower tomato (RSTT), B rice with
fallow (RRF), RSBB, and RSTT, C RRR and rotation scenarios with benefits (RSTT-benefit, RSBB-benefit), and D RRF, RSTT-benefit, RSBB-benefit.

potential of rotational crops fell into two categories, with both higher and
lower profits possible. Tomato represented an opportunity for higher rev-
enue ($9590 ha') (Table 2), but required much greater investment in irri-
gation and labor, thereby increasing the costs of production ($8846 ha™).
Because the additional revenue more than offset the increase in costs, this
high cost - high revenue approach contributed to the highest profits
($793 ha™). Sunflower had similar revenue potential as rice but decreased
costs in a normal year, helping it exceeds rice profits by $604 ha” when

investment costs were not considered (Fig. 2, Table 2). Results for safflower
and beans were the opposite. Costs of production were $875-2609 ha™' lower
than rice which can decrease risk and provide advantages in large-scale
capital-intensive farming systems. However, there was little opportunity for
increased revenue, which resulted in beans achieving similar profit as rice
and safflower consistently decreasing profit compared to rice in normal
years (Fig. 2). Importantly, when additional investment and opportunity
costs were included, both safflower and beans lost money in transition years
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($-286 to -506 ha™"). Thus, safflower and beans were characterized by low
cost — low revenue — low profit.

Analyzing the required changes in management and their associated
costs can provide insight into how economic factors act as a barrier to
adoption for crop diversification. Labor costs were higher for tomato,
sunflower, and beans ($665, $506, and $449 ha’, respectively), relative to
rice ($389 ha™) (Fig. 1, Table 1) due to higher land preparation and manual
hoe labor requirements (Supplemental Tables 6-9). An extra $182 ha' was
required in the form of land deconstruction and field leveling when
switching out of or into rice (Fig. 1, Table 1). Furthermore, irrigation labor
was higher for rotational crops due to the higher labor demand for con-
structing and maintaining furrow wells and maintaining drip lines (Fig. 1,
Supplementary Tables 1-5). Focus groups provided information that rice
farmers who rotate will often use custom labor for the required tractor work,
and therefore investment costs in equipment were not a substantial barrier
in this study for rotational crops (Supplemental Tables 6-9). Realistically,
certain regions may have more access to contract workers than others, and
therefore human resource barriers may exist geographically™. Research
shows that operating costs are often higher for diversified farms, as they
require equipment that may be used only at certain times of the year or only
for specific crops, as well as more labor'*”. In contrast, in a recent survey rice
growers reported that labor requirements were a top priority affecting
management decisions, along with water availability, profitability, and land
stewardship™. Most rice farms are family operations requiring little outside
labor, which favors specialization and monocropping. Despite labor costs
being higher for rotational crops, total costs remained lower, except tomato,
further suggesting that financial barriers are not as important as human
resources and time management requirements”**>”.

A strength of our study was quantifying opportunity costs, or the
time farmers spent learning a new system and finding markets compared
to generating income through rice'***””. We hypothesized that oppor-
tunity costs would negatively influence farmer decision-making and the
economic potential of rotational crops. Sunflowers had the highest
opportunity costs relative to total costs (18% or $810 ha™) (Fig. 1,
Tables 1 and 3), mostly due to challenges in finding markets and con-
tracts each season (Supplementary Tables 6-9). Tomato had an equally
high opportunity cost at $803 ha”, though this was a relatively low
percentage of its total costs (Tables 1 and 3). The opportunity cost for
tomato was mostly due to the time it takes to learn how to manage drip
irrigation and find contractlabor for planting (Supplementary Table 10).
Our results are conservative because based on focus group outcomes, we
assumed most of the labor for tomato, sunflower, and beans, including
drip line placement, planting, and harvesting, was contracted out to

companies or neighbors (Supplementary Tables 6-9). Therefore, with-
out these contracting agreements, both tomato and sunflower would
have significantly higher opportunity costs if the rice grower was per-
forming these operations. Carlisle et al.” discussed the need for “eco-
logically skilled labor forces” for farming communities to support the
adoption of knowledge-intensive practices that tend to be aligned with
more diversified systems. This could help address labor constraints and
the extra time needed for learning new equipment and production
practices and developing relationships for market access.

Comparing different cropping sequences and their corresponding cash
flows helps illustrate how investment costs in early years may affect long-
term profits, a key motivation in grower decision-making. Few agricultural
studies have used a Monte Carlo analysis to assess the risk of different
agricultural systems based on variable outcomes™*****". Our results show
that both rotation scenarios produced lower annual NPV when switching
from rice to a rotational crop due to higher capital costs, opportunity costs,
and transitional costs (Fig. 3). Yet, having tomatoes in the rotation for
several years afterwards helped greatly increase NPV for RSTT, while profits
for the rotation with beans and safflower (RSBB) never exceeded rice.
Presenting these financial fluctuations and investment requirements is
important for determining risk factors during years where farmers may have
reduced annual income* ™.

An important finding is the relatively long payback period, or time it
would take to recoup investment costs and achieve net profits for crop
diversification compared to continuous rice. Due to extra investment costs,
which included opportunity costs for all crops and sub-surface drip irri-
gation for tomatoes and sunflower, RSTT only became more profitable than
RRR by year 12 and RSBB was never more profitable. Although RSBB had
much lower investment costs, it reduced profits by more than 50% com-
pared to RRR by year 15 (Fig. 4A), suggesting lower feasibility for rice
growers who are accustomed to relatively high costs of production, but also
high rice yields and revenue on an annual basis. DeVincentis et al.”* found
that farmers in California may not see profits when adopting winter cover
crops for 15 years or more, concluding that without external incentives,
farmers were unlikely to adopt cover crops. This research and others
demonstrate that integrating diversification practices such as crop rotations
can reduce profits in the short-term due to high investment costs"***>***,

Capital costs (irrigation system and drip line) were the biggest financial
investment impacting how fast profitability was realized when rotating with
tomato and sunflower. Annually, capital costs were only 7% of total costs for
RSTT when spread across their expected lifespan (15 years for the pump,
and 3 years for drip line). However total investment was estimated to be on
average $4375 ha™ for the pump system and $875 ha™ for drip line (Sup-
plementary Table 10). Koech et al."” also found that financial constraints are
major barriers to investing in irrigation technologies. Farmers will not invest
in drip irrigation unless they can get multiple years of use out of it. Therefore,
rotations with drip irrigation must remain out of rice for a longer period,
which may also disincentivize farmers who specialize in rice. The rotation
timeframe of only three years in this study may not be enough to invest in
drip irrigation and should be considered a minimum. Tomato farmers will
often keep drip lines in for 5 years or more to benefit from the value and
reduce the required labor for removing and inserting drip lines™. Safflower,
sunflower, and beans had lower irrigation costs compared to rice (Table 1),
and these crops can all be grown using furrow irrigation which requires less
investment. Safflower and sunflower are also known to have very low water
requirements, making them a viable option during reduced water years***.

When the potential benefits of crop rotation were considered, the
break-even point for profitability was reduced for both rotation scenarios
(Fig. 4C). Assuming higher rice yields and lower herbicide costs, both
rotations became more profitable than RRR after 10-13 years (Fig. 4C).
Growers have reported yield benefits with rotation™ but this is not a guar-
anteed outcome and further field research under different crop sequences
and production conditions is required. Zhou et al.”” found that crop rotation
intensification practices increased rice yield by at most 4.6% while Feng
et al.”’ found crop rotations with rape seed increased rice yield by 20%.
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Meanwhile, White et al.”” demonstrated that higher yields with lower input
costs was a major determinant of rice profitability.

With the additional introduction of two fallow years in continuous rice,
RSBB-benefit matched RRF profits after 6 years (Fig. 4D) and RSTT-benefit
matched RRF after 9 years (Fig. 4D). This finding suggests that achieving
higher profits may take longer investment and more financial security.
While RSTT was much more profitable than RSBB over the 15-yr period, if
agronomic and water-related benefits of rotation are realized, the break-
even point was shortest for RSBB-benefit, suggesting it could be the most
feasible option for farmers with limited time, capital, or human resources.
This is because the combined production costs for safflower and beans were
around 60% lower than sunflower and tomato. In terms of profit, RSBB-
benefit only produced slightly higher cumulative NPV compared to RRR
and RRF, but in terms of payback time, RSBB-benefit was the lowest at 6
years due to lower investment costs. The fact that break-even points are
switched for rotations when including benefits highlights the different
dynamics and interplay between long-term profitability, investment costs,
and payback period. Zabala et al."* found that crop choice rather than crop
diversification practice was more important for economic impact. Our
results suggest that profit depends on both the crop choice and agronomic
benefits produced by diversification”*'~**.

Exploring the probability of outcomes using Monte Carlo simulations
provides a better understanding of the risk management farmers are facing.
Under the presumption of fallowing in RRF, RSTT-benefit and RSBB-
benefit had a very high likelihood of being more profitable than rice
(between 80 and 95%). However, without fallowing and without agronomic
benefits, risk increases for rotations and RSTT had only a 55% or less chance
of being as profitable as RRR, while RSBB was rarely as profitable as RRR
(Fig. 5). These outcomes suggest that rice-based rotations including high
cost — high revenue or low cost - low revenue crops are most likely to
succeed financially over the long-term under the premise of rotational
benefits related to enhanced crop yields and the ability to grow crops with
lower water requirements when faced with water scarcity in drought years.
For rotations to be successful, farms must also have the ability to withstand
reduced profits for anywhere between 6 and 12 years, depending on the
investment requirements and frequency of reduced water allocations
causing fallowing in continuous rice (Fig. 4D). Having a break-even point of
6-12 years is a major disincentive for rotation, similar to outcomes for cover
crops in DeVincentis et al.”’, and it becomes understandable why con-
tinuous rice continues to be the dominant practice.

There are limitations to our economic analysis and underlying
assumptions. Financial circumstances are different for every farmer, and
changes in important costs (e.g., irrigation) or revenue (e.g., crop yield or
prices) would make rotations more or less feasible, hence results do not
predict farm-level outcomes. We tried to capture such variability using
Monte Carlo simulations based on grower-reported ranges for production
costs and county-level changes in yield and crop prices. Although our
interpretation regarding profitability above focused on average outcomes,
the variability illustrated in distributions reveal more nuanced possibilities.
For example, environmental constraints such as soil limitations have been
cited as negatively impacting yields of rotational crops in rice fields™**. We
accounted for lower yields by skewing the revenue distributions of rotational
crops, helping test the hypothesis that this would negatively affect profit-
ability. Yet, the lower quartile of simulations for tomatoes and sunflowers
suggested these crops were still more profitable than the average for rice in a
normal year (Fig. 2A). Thus at least a quarter of the time, even if these
rotational crops experience high costs combined with low yields, they
perform as well or better than continuous rice systems. This finding further
illustrates that human resources and investment costs may be more of a
limitation for integrating rotations in rice environments than revenue
concerns. Furthermore, this study did not account for variability on every
cost component. For example, fertilizer and fungicides were assumed to
have fixed costs and are presented as their averages. Higher amounts of
nitrogen applications may be required when rotating out of rice into a
rotational crop. We don’t have adequate data on how farmers may be using

fertilizer amounts in rotations with rice. This study did not account for the
implications of fluctuations in these variables across the different cropping
systems.

Opportunity cost was evaluated in this study as the sacrifice of time
spent learning a new system, however, there are many other ways oppor-
tunity cost may be evaluated. Particularly, we did not add the opportunity
cost of fallow events, given that farmers could potentially use that time to
generate income elsewhere, we could have accounted for these costs.
Farmers who rotate often acknowledge they choose to rotate when water
allocations are not enough for rice but may be stretched out to grow other
crops that require less water. At the same time, in times of water scarcity, rice
growers may also decide to sell their water to other regions for a potentially
higher profit than what the rice crop would provide, due to zero input costs.
Both scenarios were not accounted for.

Oftentimes a higher discount rate between 7 and 10% may be chosen to
assess the profitability of investments, while a lower discount rate evaluates
CBAs from the perspective of society as a whole™. While this study selected
the use of a social discount rate, following that of similar studies in the
region™*>*, the impact of the chosen discount rate can have an impact on
net benefit over long time horizons”. Similar CBAs for agriculture studies
use a vast range in discount rates, between 2 and 10%***. Dickenson et al.”®
shows that adjusting the discount rate between 3 and 7% had a moderate
impact on overall NPV, suggesting this variable can contribute to overall
decision making for farmers to change management. Future research should
account for this by applying variability to the discount rate.

There are numerous crop sequences which farmers practice in this
region that are not represented in our study. We focused on exploring
options for farms dedicated to continuous rice and were less concerned
with farms that grow primarily rotational crops, with fewer years of rice
in rotation™. While our economic assessment only included four
rotational crops out of many, these crops were selected, in part, because
they represented the extreme ranges of high or low profit potential. By
investigating the factors influencing farmer decision-making on both
ends of the spectrum (low cost - low revenue vs. high cost - high
revenue), our results provide insight into the feasibility of rotational
crops with moderate profit potential falling between these extremes.
Further research should assess other crop sequences and different crop
mixtures, as well as changing the number of years in rice and rotational
crops, to understand how this may affect profit. Similarly, our scenarios
did not include all potential benefits that rotations provide. In actuality,
input savings could reach beyond herbicides and impact fertilizer and
other input costs such as water, insecticides, and fungicides for both rice
crops and rotational crops’'.

Recent trends may influence the attractiveness and feasibility of rice-
based rotations in California. Rice currently has more herbicide-resistant
weeds than any other cropping system™. Herbicide costs have increased
from $333 to 506 ha'' during 2015 to 2021°*"'. Continuous rice cropping
with similar cultural practices has increased weed pressure and the corre-
sponding need for chemical herbicides. Crop rotations have been shown to
reduce resistance and decrease weed density>>*’. In addition, California rice
farmers who rotate perceive major benefits for weed control™. Alternating
between flooded rice and non-flooded crops in a rotation could help manage
the weed seedbank by recruiting different weed species under aerobic
conditions and using herbicides with different modes of action in non-
rice years.

Similarly, if water scarcity due to climate change remains a challenge,
incorporating crops with lower water requirements could help farmers
adapt to climate risks to maintain profitability. Surface water supplies
depend on seasonal snowfall and predictions show a stark reduction in
snowpack in coming decades, reaching up to 65% by the end of the century
in a high-warming scenario. Hrozencik & Aillery®” acknowledge that
measures including continued shifts in irrigated area, increased irrigation
efficiency through system upgrades, and changes in regional cropping
patterns are ways for increasing resilience under water supply scarcity.
Information on the average water use of crops in California varies,
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Rosenberg et al.* found that some common rotational crops in rice systems
are known for their lower water requirements, such as safflower and sun-
flower, which require around 700-800 mm of irrigation®’ (Supplementary
Tables 9-12). While there are multiple pathways of water movement off rice
fields that make it difficult to compare net water use against other crops®,
the applied water of the rotational crops evaluated here is generally esti-
mated at half that of flooded rice, indicating an opportunity for water
savings.” Alternatively, Salvato et al.”* showed that over the last decade the
amount of land fallowing has increased in response to water shortages. Land
fallowing could provide similar benefits as rotation for rice yield and weed
control, but little research has investigated this potential. Our results suggest
that occasional fallowing has a minimal impact on continuous rice profits
over 15yr ($566 ha" reduction), if farmers attain preventative planting
insurance which covers operational costs and overhead when uncontrol-
lable events prevent farmers from planting (like drought or wet springs).

A recent survey indicated the top three reasons for growing rice are
profitability, the crop was traditionally grown on farm, and stable markets™.
Beyond the economic barriers noted above, two important factors limiting
the feasibility of crop rotations are market access and soil constraints. Focus
group findings from this study provided robust qualitative knowledge
regarding the socioeconomic factors affecting crop rotation decisions. Focus
groups identified human resources, such as labor, time, and management
requirements as key barriers, reinforcing findings from Rosenberg et al.”*
and other research on rotations™””’. We attempted to quantify these factors
under the category of opportunity cost, but further research may want to
include other socioeconomic costs and barriers to expand the scope of
findings. For example, many of the rotational crops considered have limited
markets and may require contracts, so even if a farmer wanted to rotate, they
may not be able to secure an outlet for the crop. Market contracts are limited
for sunflower and beans due to limitations in consumer demand™. Sun-
flower has a limited market because California produces hybrid seed rather
than oil. There is also a geographical component to how contracts with seed
buyers are determined, where fields must be a minimum distance apart to
reduce cross-pollination. All these issues complicate market access in the
region, reducing the ability for crop diversification.

Salvato etal.” determined that only 11% of continuous rice area has
soil properties that are most conducive for rotational crops. Helping
identify where rotations would be most feasible within this area could
have rippling effects on food system sustainability by building more
resilient regional farms**’. However, Esquivel et al.” found that factors
supporting crop diversification include secure land tenure, adequate
access to capital and resources, and access to markets, all of which are
missing in continuous rice systems™. Similarly, other cultural norms and
broader structural forces such as policy, institutions, infrastructure, and
global commodity markets have contributed to the simplification and
specialization of cropping systems. As many of these structural con-
straints are beyond farmers’ direct control, economic incentives and
policy support are necessary to develop an enabling environment for
crop diversification at the systems-level'***"".

Methods

To achieve our objectives, we had two research stages. First, we discerned
what labor, equipment, and management requirements were needed to
switch out of rice into four major rotational crops and quantified their
associated costs and benefits. These were incorporated into a detailed
cost-benefit framework considering 11 management categories with
between approximately 1-7 variables per category: opportunity cost,
seed, equipment, field reconstruction (for transitioning from rice to a
rotation crop and back to rice), labor, inputs, harvest, irrigation
(including water and irrigation labor) and irrigation investments
(including sub surface drip system and drip line), office expenses, and
land rent. Second, we simulated the profitability of five long-term
(15 years) rotation scenarios comparing two rice-based rotations to
continuous rice with and without rotation benefits, as well as a scenario
where rice is fallowed for 2 out of 15 years.

Data collection

This research integrated economic information from focus groups, state-
wide cost of production studies™*****®, and farmer-provided partial
budgets to accurately capture the variability in cost and revenue outcomes
across rotational crops (Supplementary Tables 1-5). Any costs taken from
University of California cost studies were adjusted for inflation™.

Focus groups were organized to learn what the associated costs of
production were for converting a rice field into a rotation crop and discuss
how those costs might change based on different circumstances. A total of
four meetings were organized with 4-8 farmers attending each meeting. The
four rotational crops considered in this analysis were tomato, sunflower,
safflower, and summer dry beans. These crops are currently used in rice-
based rotations in the region and were selected as feasible options based on
farmer interviews™. We developed a farm budget for each crop as a foun-
dation for discussions (Supplementary Tables 1-5). Focus group questions
covered the following topics: opportunity cost of time for learning the new
cropping system requirements and marketing the crop, labor and equip-
ment, overall profitability and input savings, irrigation requirements, land
leasing scenarios, rotation sequences and others (Supplemental Tables 6-9).
Each focus group session lasted between 1 and 2h. At each meeting a
projector was used so farmers could see the list of questions being asked, and
the notes that were taken based on the discussions that took place. This
ensured transparency and agreement between everyone on the important
results that came out of each discussion (Supplemental Tables 6-9). This
study, involving human participants, was reviewed and approved by UC
Davis Institutional Review Board (1737326-1). Written informed consent
for participation was not required for this study in accordance with the
national legislation and the institutional requirements.

Comprehensive crop budgets were developed and informed by the
focus group outcomes, including costs of production and revenue. There
were eleven categories of production costs: opportunity cost, seed,
equipment, field reconstruction (for transitioning out of and into rice),
labor, inputs, harvest, irrigation (including water and irrigation labor)
and irrigation investments (including sub surface drip system and drip
line), office expenses, and land rent. We used both average values and
approximate ranges (high/low) for each variable, with different assumed
distributions, to capture the full range of possible outcomes. Beyond
focus groups, data was also taken from University of California Cost of
Production Studies as well as partial budgets from farmers (Supple-
mentary Tables 1-5). Revenue was calculated based on average county
yields and crop prices™. Prices were taken across an 8-10-year time frame
to control for inflation. Yields were taken between counties over multiple
years to account for yield variation across regions. Values were then
multiplied together to retrieve minimum, maximum, and average rev-
enue values.

Hypothetical farm and economic assumptions

We modeled our rotation sequences based on common practices in the
region, where rice-based rotations often include up to 5 years of rice before
rotating to other crops®’. However, it should be noted that rotation types can
vary widely. In some cases, rice is grown only once every 5 years . The
assumptions of the hypothetical farm used in this study are meant to
represent an average continuous rice system in the Sacramento Valley that is
being converted to include rotational crops. Hence, the farm is built for
continuous rice production, with no other equipment for rotational crops.
The University of California Cost of Production Study assumes an average
rice farm is 324 ha. In our study, the equipment used for rice is repurposed at
times for land preparation of rotational crops. Other operations using row
crop equipment including specific tillage requirements, bedding, seeding,
and laying dripline are assumed to be custom hired. The farm is irrigated by
district water through flooding gates, and no sub-surface or furrow irriga-
tion infrastructure exists. Therefore, this assessment assumes an initial
investment in drip irrigation infrastructure (assumed here as capital costs)
for tomato and sunflower, and extra labor for furrow irrigation develop-
ment. No extra capital costs are assumed to be required for safflower and
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Fig. 6 | Crop rotation scenarios over an 8 -year
period and corresponding abbreviation. Rotation
sequences were repeated to account for a 15-year
period. RSTT (Rice Sunflower Tomato, Tomato),
RSBB (Rice, Safflower, Beans, Beans), RRR (con-
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tinuous rice), RRF (Rice, Rice, Fallow), RSTT-
benefit (RSTT + 10% increase rice yield and herbi- RRR
cide input cost reduction), RSBB-Benefit -
(RSBB + RSTT + 10% increase rice yield and her-
bicide input cost reduction). RSTT
RSBB
RRF
RSTT-Benefit
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beans. For further information on assumptions for seed, water, and labor see
Supplementary Note 1.

Transitional costs: Transitional costs include costs that are needed to
transition a rice field into a non-flooded row crop or transitioning out of a
row crop back into a flooded rice crop. These costs entail extra costs for
breaking down/building levies, adding contours or slope to the field/leveling
the field, and extra tillage passes to prep a field that has been under flooded
conditions for multiple years, and extra straw management requirements
when not using a winter flood for straw decomposition.

Opportunity costs: Opportunity costs in this study are values that refer
to what a grower would have to give up when rotating out of rice. We
measured opportunity cost based on how growers value their own time, and
the time it would take for them to learn how to grow a new crop or find new
markets. Information was sourced from focus groups, with many farmers
valuing their time at $50 h”', which was in a similar range as DeVincentis
et al. * who used an hourly wage of $25h™". We set the minimum and
maximum for how the farmers value their time between these two numbers
and assumed a minimum and maximum number of hours spent learning
the system and finding markets based on qualitative information from the
focus groups, then multiplied those values together.

Tractor/equipment costs: We followed the same tractor and equip-
ment depreciation costs as the University of California cost of production
studies™*******”' These studies use a capital recovery cost as an amorti-
zation rate for the asset (Supplementary Note 1).

Irrigation: Most tomato farmers in the region have transitioned from
furrow to sub-surface drip irrigation. This includes farmers who rotate
tomato with rice™. Therefore, sub-surface drip was assumed to be used for
tomato®. Sunflower is often grown either on furrow or with sub-surface
drip™. We assumed sub-surface drip since it was in a rotation with tomato.
The beans and safflower rotation were assumed to be furrow irrigated due to
low revenues that typically do not cover the investment costs for sub-surface
drip®®”. These assumptions were reinforced by the focus groups as well as
cost studies. Irrigation costs include labor to manage irrigation, applied
water, and any costs for maintaining furrows or managing flood boxes. All of
these are incurred on an annual basis and do not require material purchases
that depreciate over time.

Drip irrigation capital costs: Drip irrigation capital costs are separate
from irrigation costs. The capital costs for irrigation include infrastructure
for ground water pump, and drip line, which this material lasts for multiple
years. Investment in a pump and filter system, main lines, and drip line are

considered capital costs and depreciate over time. We assumed a full
depreciation value at the end of the 15-year use cycle with no salvage costs
remaining (Supplemental Table 10). For the annual assessment, the irri-
gation system (which includes everything except the drip line) total cost is
divided by 15 and added to tomato sunflower and rice, while the drip
irrigation lines costs are divided by 3 because they were used for three years
and added under tomato and sunflower costs. For the NPV model
(described below), the drip system investment is captured in the first year of
switching into a rotational crop, and the drip line full cost is captured at the
beginning of each rotational crop cycle because the tape is used for the three
years of the rotation.

Rotation scenarios evaluated
We evaluated the long-term profitability of multiple rotation scenarios,
including two rice-based rotations compared to continuous rice over 15
years, as well as scenarios including anticipated rotation benefits in terms of
higher crop productivity and climate risk adaptation (Fig. 6). Continuous
rice (RRR) is the baseline for this region and considered the control for this
study. Each rotation included two seasons of shifting out of rice into non-
flooded crops - a rotation with sunflower and tomato (RSTT) and one with
safflower and beans (RSBB) (Fig. 6). Fifteen years was chosen to simulate
two full rotation cycles which included both years with normal costs and
budgets which include opportunity costs, capital costs, and added expenses
for transitioning in and out of rice (hereafter referred to as extra costs),
allowing enough time to determine when profitability is realized. For
rotation crops, years 2 and 3 include additional irrigation investment costs
and opportunity costs, while years 4, 9, 10, and 11 are considered ‘normal’
years and do not include extra costs. For rice, years 1, 5, 9, and 12 are
transitioning years into or out of rice and contain extra costs, while years 6, 7,
8, 14 and 15 are ‘normal’ rice years and do not include transitional costs.
We explored additional scenarios for all three systems related to
agronomic benefits and the potential to adapt to water scarcity caused by
climate change. To account for agronomic benefits due to rotation, RSTT
and RSBB were assumed to experience a 10% rice yield increase and 50%
reduction in herbicide cost in specific years (RSTT-benefit, RSBB-benefit).
Focus groups specified that these benefits occur mostly in the first 2 years of
returning to rice from the rotation crop (Supplemental Tables 6-9), hence
these effects were incorporated during years 5, 6, 13, and 14. To explore the
ability for crop rotation to mitigate climate risks related to water scarcity,
RRR was assumed to experience two years of fallowing due to water
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Table 4 | Distribution assigned to each cost benefit component and supporting rationale for Monte Carlo simulations. More
details on sources for assumptions, cost ranges, averages, and standard deviations can be found in Supplementary Tables 1-5

Cost-benefit component Distribution used Assumption

Rice

Revenue Normal distribution Most growers have average yields.
All costs - No ranges used for RRR

Herbicide costs - benefits

Averages, min and max were decreased by 10%

Transitioning Rice

Remove or rebuild levees

Skewed high cost around the mean

Assumes this task would take more time when rotating

Disk and chop

Normal distribution

Most growers experience average cost

Irrigation box repair

Normal distribution

Most growers experience average cost

Custom work GPS field leveling

Normal distribution

Most growers experience average cost

Rotation crops

Revenue

Skewed low revenue around the mean

Assumes yields would likely be lower than in non-rice producing fields

Rent

Skewed high cost around the mean

Region may lean slightly higher on crop share percentages trending

Drip irrigation infrastructure costs
year 1

Uniform distribution

Variable costs between the low and high

Drip tape

Uniform distribution

Variable costs between the low and high

Water in-season

Normal distribution or skewed lower around
the mean

Crop specific: Most growers have an average water cost, or rice fields will retain
more water reducing applied water needs

Drip irrigation labor

Normal distribution

Most growers will experience average labor cost

Install furrow irrigation

Skewed lower cost

Assumes could be done by a neighbor for lower cost

Furrow irrigation labor

Skewed lower cost around the mean

Assumes regional costs slightly lower

Insecticide and fungicide
custom apply

Normal distribution

Most growers will experience average cost

Herbicide custom apply

Normal distribution

Most growers will experience average cost

Custom cultivation

Normal distribution

Most growers will experience average cost

Labor-pre plant operations

Skewed high cost around the mean

Likely to experience higher cost due to more tractor work required because of
compaction and high clay content.

Custom work planting

Normal

Most growers will experience average cost

Custom work pre-planting

Normal or skewed high cost around
the mean

Crop dependent

Tractor Skewed high cost around the mean Likely to experience higher cost due to more tractor work required because of
compaction and high clay content.
Hoe labor Skewed high cost around the mean Growers may experience higher weeds

Opportunity cost

Uniform distribution

Assumes variable experiences with how people value their time

shortages (RRF). Fallow years were represented by no costs and no revenue
for years 2 and 14 in RRF, assuming rice farmers received insurance cov-
erage for preventative planting when water allocation was scarce. This fre-
quency was chosen based on the number of years in the past 15 where total
rice acreage planted was reduced by at least a threshold of 20%.

Data analysis

Annual budgets capturing variability among annual costs and revenue and
select capital costs were developed for each crop. Monte Carlo simulations
were performed to evaluate the annual profitability of each crop individu-
ally, followed by a cost benefit analysis for each crop rotation over a period of
15 years (Fig. 6). Monte Carlo simulations are a tool used for cost benefit
analysis to introduce uncertainty by selecting randomly sampled values for
input variables based on set parameters’**””. The Monte Carlo simulations
included 1000 iterations of each crop in the rotation, or 15,000 iterations
over the full rotation scenario. During each Monte Carlo run, random values
were drawn from a specified distribution (described below) to quantify how
uncertainty in input parameters influenced economic outcomes across a
plausible range of conditions””. Minimum, maximum, and averages for
each distribution of outcomes were then derived to compare cost benefit
outcomes. All data analysis was performed using (R) programming lan-
guage (version 2023)".

In this study, each cost component was assigned a normal, uniform, or
skewed distribution (Table 4). Most variables were assigned a normal dis-
tribution, with the assumption that values were normally distributed around
the mean, unless focus group outcomes provided information that sug-
gested values were often higher or lower than average™. For the defined
normal distributions, we developed them around the minimum and max-
imum and the mean, provided by University of California cost studies
(Supplementary Tables 1-5). The standard deviation was calculated as the
(maximum - minimum)/4 using the range rule”. From focus group qua-
litative data, certain values, such as revenue, or tractor work, were
skewed around the mean a (Table 4). For example, a skewed dis-
tribution was used for revenue (crop yields) under furrow irrigation
because in heavy clay rice soils, farmers often will experience lower
yields. All skewness parameters were set around the mean using the
rsnorm, xi = 2/ -2. In the context of the rsnorm function, setting xi =
2 generates random numbers from a skew-normal distribution”.
Uniform distributions were set for opportunity costs, with the
assumption that individuals valued their own time with equal
variability between the minimum and maximum. Ranges were not
available for four cost components, including the cost for applied
water for tomato, the cost of pre plant custom work for sunflower,
harvest hauling costs for sunflower, and herbicide application custom
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work for safflower. For these costs, the mean was multiplied by 0.04
to estimate the standard deviation” (Supplementary Tables 1-5).

Individual crop budgets were run under the Monte Carlo parameters to
attain distributions of annual costs, revenue, and profit. An annual analysis
was conducted without investment costs to provide insight on an overall
summary of operational costs, revenue, and profits for each crop. A second
analysis was conducted with capital costs, opportunity costs, and transi-
tional costs to determine their impact on profit. Capital costs were assumed
as irrigation investment for the drip system and drip line and are expressed
as the annual depreciated amount incurred by each crop in the RSTT
rotation (Supplementary Table 10). Mean values as well as the 50% quartile
ranges are used to demonstrate the variability of these economic compo-
nents for each crop (Supplementary Table 11).

Thelong-term cumulative cash flow, or cumulative NPV is represented
by a sequence of annual crop budgets over 15 years for each rotation sce-
nario. To assess profit across time, NPV projects all future cash flows using a
discount rate to account for the depreciation of money over time (Equation
1):

Pl
NPV = Z(1 +if

Where NPV is Net Present Value, P is revenue minus costs, t is time of
cashflow (year), and iis the discount rate (Equation 1). A social discount rate
0f 0.03 was used based on historical averages of the Federal Reserve’’, as well
as recent regionally relevant economic literature®***. The federal funds rate
influences other interest rates such as longer- term interest rates for mort-
gages, loans, and savings77. Related to NPV, discounted annual net returns
(DANR) involve calculating the value of future cash flows’. While cumu-
lative NPV reveals profitability over time, the DANR offers insight into
annual profit and loss fluctuations that may be expected at different time
points.

Data availability

Data generated during this study and used for analysis are available in the
supplementary material. The code used for Monte Carlo analysis in R
software (Version 2023) is available from the lead author upon reasonable
request.

Code availability
The code used for Monte Carlo analysis in R software (Version 2023) is
available from the lead author upon reasonable request.
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